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ABSTRACT 
INVESTIGATION OF CANDIDATE LOCI ASSOCIATED WITH MAIZE 
PERENNIALISM 
ANJUN MA 
2017 
Developing perennial grain crops is an effective and crucial way to prevent soil 
erosion caused by conventional agriculture of using annual crops while meeting the 
increasing need of global food demand. We hypothesized that the regrowth in Zea might 
be controlled by two dominant complementary genes. F1 hybrids were created by 
crossing Zea diploperennis Iltis, Doebley & R. Guzman with annual Zea mays L. ssp. 
mays inbred line B73. A Total of 134 F2 plants derived from nine F1 were planted and 
phenotyped. A subpopulation of 94 F2 plants were genotyped with Genotype-by-
Sequencing (GBS) and called 10,431 SNPs after filtering. A total number of 946 SNPs 
were then found related to regrowth by chi-square goodness of fit test P(χ2) > 0.05. Two 
chromosomal regions, 24,244,192 to 28,975,747 on chromosome 2 and 2,862,253 to 
6,681,861 on chromosome 7 with high LOD scores (P > 0.05) are considered as the 
candidate loci. Candidate genes found located within these loci have no known functions 
or not likely to be related with regrowth. Twenty-five pairs of PCR primers were then 
designed on the basis of 13 SNPs and only 4 of them showed polymorphism between the 
parental alleles. One of the polymorphic SNP marker targeting the 27,773,017 bp on 
chromosome 2 showed good fitness of genotype to regrowth (P(χ2) = 0.195), yet the 
value is still low. More effort is needed to identify the candidate genes by SNP markers.  
Key words: maize, perennialism, GBS, SNP, chi-square test, LOD 
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CHAPTER 1. LITERATURE REVIEW 
1.1 Overview of crop production and issues caused by agriculture 
Accompanied with the creation and evolution of civilization was the development of 
agriculture. Crops, like wheat, soybean, sorghum and maize, take the advantages of high 
production and easy storage, have now become the top agriculture products worldwide, 
according to the Food and Agriculture Organization (FAOSTAT 2014) (Table 1.1). To 
meet the ever-growing global food demand, scientists have been devoted to improving 
the yield of crops for hundred years, from the application of fertilizer and pesticides to 
the novel genetic engineering. Now, more than one-fourth of the Earth’s land surface has 
been converted for agricultural purposes, and such expansion, on the one hand, greatly 
increased yield, while on the other hand, has significantly impacted the environment due 
to the unbridled reclamation and the abuse of fertilizers and pesticides (Tilman et al. 2001; 
Cassman and Wood 2005). Conventional tillage practices can be efficient in the short 
term; however, they can also be the cause of soil erosion and water pollution that will 
decrease soil productivity and harm the environment over time (Pirie 1992; DuPont et al. 
2010). Beside the loss in productivity, nutrient runoff can also pollute underground water, 
rivers and lakes which may cause catastrophic disasters in the ecosystem in the future 
(Osterman et al. 2009).  
Currently, several practices, including reduced tillage and no-till farming, have been 
applied to alleviate the influence of conventional tillage (Hobbs 2007). No-till farming 
can increase water infiltration and storage capacity, reduce the emission of greenhouse 
gases, increase the variety of microbes and prevent soil erosion (Gryze et al. 2009; Chan 
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2001). However, the increased usage of herbicide and high equipment cost limited the 
popularization of the conservation tillage.  
1.2 The advantage of perennial plants 
Perennial plants refer to the plants that can live for more than two years. An interest 
in perennial crops was first arisen in the early 20th century (Cox 2014). In 1990, 
Wagoner (1990) proposed that perennial cropping system could help to alleviate soil 
issues caused by conventional tillage. Compared with annual plants, perennial plants 
have deeper and more extensive root system (Figure 1.1) as well as longer growing 
seasons, so that they can better hold soil to prevent erosion and develop healthy soil 
ecosystem by capturing more dissolved nitrogen (Cox et al. 2006). Global data shows 
that only 18% to 49% of nitrogen used to fertilize crops is consumed by the crops. The 
loss of nitrogen from fields of annual crops is 30 to 50 times higher, yet 50 times less 
effective in topsoil maintenance than those from perennial crop field (Gantzer et al. 1990, 
Randall and Mulla 2001). Other advantages of perennial crops include less herbicide 
requirements, more carbon storage and less sensitivity to the environment, which make 
perennials more profitable and environment friendly for modern agriculture than annuals.  
1.3 Progress of perennial crops  
Generally, two approaches have been taken to breed perennial crops: domesticating 
wild perennials, and perennializing existing annual crops by crossing existing annual 
crops with their wild perennial cousin (The Land Institute 2017a). The hybrid-derivatives 
can be used to study the perennial related genes either by functional analysis or marker-
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assistant selection. So far, progress have been achieved in several grain crops with either 
method. 
Wheat is a major grain crop. Breeding perennial wheat has been done by hybridizing 
annual wheat with a tetroploid perennial relative intermediate wheatgrass (Thinopyrum 
intermedium) or domesticating intermediate wheatgrass. Other perennial wheat studies 
were performed by hybridization between wheat and perennial species like Leymus and 
Elymus (Wagoner 1990; Sharma 1995; Lu 1991; Bodrov 1960). However, crossing with 
intermediate wheatgrass is easier to produce partially fertile hybrids than with other 
perennial species (Jauhar, 1995). The Land Institute has also established a perennial 
wheat program since 2001, using intermediate wheatgrass. Twenty hybrids are being 
grown in different countries to study perennial performance under different 
environmental conditions (The Land Institute 2017b). In the meantime, direct 
domestication of intermediate wheatgrass has also made progress. Recently, the 
development of novel sequencing techniques, like genotyping-by-sequencing (GBS), 
facilitates the domestication of intermediate wheatgrass aiming at creating a high yield 
perennial wheat cultivar in a short selection period (Wilkins and Humphreys 2003; Hayes 
et al. 2012). Though most of current perennial wheat hybrids show regrow ability, their 
grain production is limited. In general, the grain yield of the perennial wheat has not 
exceeded 75% of that of annual wheat (Scheinost et al., 2001; Murphy et al., 2009). 
Sorghum (S.bicolor, 2n=20) is a warm-season grain crop. Breeding perennial 
sorghum was tried by crossing it to another diploid perennial relative S. propinquum (Cox 
et al. 2002). Two rhizomatous QTLs were identified in the recent studies of the 
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segragating population (Washburn et al. 2013). However, the reduced winter-hardiness 
made it only a great potential for tropics or subtropics areas (Cox et al., 2002). To 
increase the winter-tolerance in perennial sorghum, Johnson grass (S. halapense, 2n=40) 
was used to cross with S. bicolor. The hybrid has a stronger aggressive rhizome system 
than S. bicolor (Warwick et al. 1986). However, the production of rhizomes does not 
mean regrowth in sorghum, it has to either tolerate the exposure of freezing temperature 
or growing deeply to escape freezing (Cox et al. 2002). During 2001 to 2006, the Land 
Institute has selected 300 perennial F4 plants that survived over winter. After selfing and 
backcrossing more generations, the offspring are expected to maintain perennial and even 
with higher grain yields than annuals. 
The effort to perennialize rice (Oryza sativa, 2n=24) had been found by the 
International Rice Research Institute (IRRI) from 1995 to 2001 (Bennett et al. 1998). 
Progress has been made by hybridizing rice with its perennial ancestor, O. rufipogo 
(2n=24) (Majumder et al. 1997; Sacks et al. 2001). Xiong et al. (1999) proposed that the 
regeneration ability is positively affected by annual allele and none of the regeneration 
loci were associated with tiller number. Another hybrid made between Oryza sativa and 
O. glaberrima showed a connection between regrowth and rhizome (Maekawa et al. 
1998; Bennett et al.1998; Tao et al. 2001). Rice can also be crossed with rhizomatous O. 
longistaminata (Hans et al., 2004). Investigation of rhizomatous genes has identified two 
dominant QTLs, designated as Rhz2 and Rhz3 in rice (Hu et al. 2003; Sacks et al. 2003). 
Recent fine mapping for Rhz2 has identified its flanking markers RM14603 and OSR16; 
RM119, and RM17000 were also identified as the flanking marker of Rhz3 (Zhang et al. 
2013).  
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The investigation of breeding perennial maize has been carried on over 50 years. 
Emerson and Beadle (1929) first reported the cross between maize and tetraploid 
perennial teosinte Z. perennis. Shavel (1967) then proposed that the perenniality in maize 
was controlled by at least three recessive genes id1 (indeterminate1), gt1 (grassy tiller 1) 
and pe (Perennialism), and rhizome was the key to regrowth. Z. diploperennis is a diploid 
perennial teosinte discovered in 1979 (Iltis HH et al. 1979). Julian and Paul (1981) 
crossed Z. diploperennis with a primitive Mexican popcorn and the F2 population showed 
annual growth habit to be dominant to the perennial with a segregation ratio close to 3:1. 
Therefore, they suggested that perennialism in teosinte is recessive. However, Galinat 
argued that the perennialism is at least partially controlled by two dominant 
complementary genes (Galinat et al. 1981). Ting and Yu (1982) performed another 
experiment with 152 F1 hybrids of maize and Z. diploperennis. Their result also showed 
all regrowable plants in F1 and thus suggested the perennial should be controlled by 
dominant genes. Westerbergh and Doebley (2004) made a hybrid population by crossing 
annual Zea mays with Z. diploperennis, and researched on perennial-related quantitative 
trait loci (QTL). A total of 38 QTL for eight traits were detected from 425 F2 individuals. 
The QTL suggested important roles of chromosome 2 and 6 played in perennial habit. 
However, no single QTL showed significant effect to the regrowth.  
1.4 Genotyping-by-sequencing   
Based on high-throughput next-generation sequencing (NGS), GBS is a method to 
discover single nucleotide polymorphisms (SNP) in crop genomes. GBS was originally 
developed for maize sequencing and has been extended to other plant species (He et al. 
6 
 
 
 
2014). In GBS strategy, DNA double strands are digested with a restriction enzyme (RE) 
to reduce genome complexity and avoid the repetitive fraction of the genome (Elshire et 
al. 2011), and unique barcode adapter for each individual DNA is ligated to the 5’ end. 
Common adapters are then ligated at both ends of sample DNA fragments. Aliquots from 
each sample are mixed together and ligase and unreacted adapters were removed. 
Polymerase chain reaction (PCR) is performed with primers pairing with binding sites on 
common adapters to increase the fragment pool. All samples are then pooled within a 
single flow cell lane in a sequencer and amplified with polymerase to form local clonal 
DNA colonies. Four types of fluorescently-labeled reversible terminator bases are added 
to the extending DNA chain one at a time. Extension stops when non-incorporated 
nucleotides were added, and washed away. The sequencer reads fluorescent information 
once a time and records the sequence for subsequent analysis (Elshire et al. 2011; He et 
al. 2014).  
Compared to restriction sites associated DNA sequencing (RAD) for high-density 
SNP discovery (Baird et al. 2008), the GBS method uses simpler and more 
straightforward adapters. Genes in a methylated region of a genome are suppressed and 
thus will not be expressed. Therefore, these genes will unlikely have any impact on 
plant’s phenotype. GBS used methylation sensitive enzyme to cut off the methylated 
region. By doing so, the genome size to be sequenced will be greatly reduced since only 
un-methylated and thus expressed region of the genome will be sequenced. The reduced 
purification steps and less sequences tremendously lower the cost and make GBS to be 
more efficient and less complicated (Poland et al. 2012; Eshire et al. 2011; He et al. 
2014). However, GBS shows weakness on large amount of missing data, as high as 40% 
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to 80% with ApeKI in Zea (Elshire et al. 2011), and difficult to recognize heterozygotes 
in wild species than inbred lines. Several packages are available to perform SNP calling 
and filtering, such as TASSEL, Stacks, UNEAK and Fast-GBS, with or without reference 
genome (Torkamaneh et al. 2016).   
More and more researchers have been using GBS as a powerful tool for genomic 
breeding and diversity studies. Poland (2012a) executed a two-enzyme GBS protocol in 
both wheat and barley which approached SNP identification without reference genome 
sequence and constructed genetic map with only SNP markers from GBS data; In maize, 
681,257 SNPs were called from 2,815 inbred and some of them are linked with known 
candidate genes related with kernel color, sweetness and flowering time (Romay er al. 
2013); Hart et al (2015) discovered that 44 SNPs in common bean (Phaseolus vulgaris 
L.) were strongly associated with the resistance of bean yellow mosaic virus (BYMV), 
and developed seven SNP markers to verify the tight link to BYMV in F2 population. A 
new SNP discovery protocol has been developed by Lu et al. (2013) to reveal informative 
patterns of genetic relationship with geographic distribution and ecotype, among 540 
switchgrass plants.   
GBS as a cost-competitive alternative to other whole genome genotyping platforms 
has advantages in suiting for GWAS analysis, plant breeding and efficient in SNP 
detection. More and more broad applications in genomic studies will be developed in the 
future.  
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Figure 1. 1 Comparison of root systems of annual wheat (on the left in each panel) 
and intermediate wheatgrass. (from Cox et al. 2006) 
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Table 1. 1  Top agricultural production by individual crops (million tonnes) in 2014.  
Species Production 
(million tonnes) 
Species Production 
(million tonnes) 
Sugar Cane 1,884.2 Soybeans  306.5 
Maize 1,037.8 Sugar Beet 269.7 
Rice 741.5 Cassava 268.3 
Wheat 729.0 Tomatoes 170.8 
Potatoes 381.7 Barley 144.5 
Source:  FAO, Statistics Division (FAOSTAT). 
 
 
  
16 
 
 
 
CHAPTER 2. INVESTIGATION OF CANDIDATE LOCI ASSOCIATED WITH 
MAIZE PERENNIALISM 
2.1 Introduction 
 Grain crops have been domesticated over 10,000 years. Almost all domesticated 
grain crops are annual which die after completing reproduction. The re-sowing of annual 
crops in conventional tillage practices is one of the drivers that causes soil erosion and 
water pollution, which decreases soil productivity and impacts the environment (Pirie 
1992; DuPont et al. 2010). Differentiated from annual plants, perennial plants provide 
numerous advantages including preventing soil from erosion, nitrogen fix and promoting 
no-till farming. The perennialism is the phenomenon whereby a plant can live for more 
than two years; the ability to do so is called perenniality. The perennial finishes a cycle 
while maintains some juvenile meristematic tissues that are capable of initiating a cycle 
of regrowth. So far, the perenniality studies have been performed in many annual crops, 
such as sorghum (Washburn et al. 2013), wheat (Wilkins and Humphreys 2003) and 
sunflowers (Kantar et al. 2014).  
As the world second most-numerous agriculture product, maize (Zea mays L. ssp. 
mays) has always been one of the world’s important crops ever since its domestication in 
southern Mexico 10,000 years ago (Beadle et al. 1980). With a total world-wide 
production of 968.29 million tonnes in 2016 and 1,067.21 million tonnes predicted in 
2017 (USDA-FAS, 2017), maize has been benefiting billions of people due to its variant 
usages in food, livestock fodder, bio-fuel and even the biochemical industry. The United 
State, as the primary maize production country, contributed 35.68% of global maize 
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production in 2016 (USDA-FAS, 2017). However, issues showed up in the past decades 
due to the widely planted maize. Therefore, the development of perennial maize breeding 
is badly needed. However, although progresses have been made in other annual crops, 
such study in maize is stuck. The mechanism of perenniality in maize remains unknown. 
Most people nowadays agree with Beadle (1939) that maize has been evolved from 
annual teosinte Zea mays ssp. parviglumis (Matsuoka et al. 2002). Two closely related 
wild teosinte species, Zea perennis [Hitchc.] Reeves and Mangelsdorf and Zea 
diploperennis Iltis Doebley & R. Guzman. have been manifested as perennial. The 
investigation of breeding perennial maize has been carried on over 50 years. Emerson and 
Beadle (1929) first reported the cross between maize and tetraploid perennial teosinte Z. 
perennis. Shavel (1964) continued to cross Z. perennis with maize to investigate the 
genetic inheritance, and found less than 30% of the tetraploid F1s were regrowable. The 
diploid perennial, sieved from tetraploid, lost the perennial phenotype as the likely 
existence of complex gene suits. Shavel (1967) proposed that id1 (indeterminate1) and 
gt1 (grassy tiller 1) were the genetic factors that interact with the pe (Perennialism) gene 
to control the perennialism in Z. perennis. It has been discovered that id1 regulates floral 
transition in maize via autonomous pathway (Coneva, et al. 2007) and the absence of id1 
gene exhibits loss of ear (Galiant and Naylor 1951); and gt1 gene encodes a class I 
homeodomain leucine zipper that promotes lateral bud dormancy and suppresses 
elongation of lateral ear branches (Whipple et al. 2011), and another gene, tb1 (tiller 
branch) was  found in teosinte to regulates gt1 gene expression (Studer and Doebley 
2012). Shavel (1967) then proposed that the perenniality in maize was controlled by at 
least three recessive genes, gt1, id1 and pe, and rhizome was the key to regrowth. Later, 
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Srinivasan and Brewbaker et al. (1999) have attempted to create a perennial hybrid again 
using Z. perennis and tetraploid maize as parent material, but failed to recover perennial 
field corn. Another study carried by Tang et al. (2004) successfully obtained partially 
male fertile F1 plants and male-sterile F2 plants by pollinating maize with Z. perennis 
pollen.  
Z. diploperennis is a diploid perennial teosinte discovered in 1979 (Iltis HH et al. 
1979). Since then, Z. diploperennis has been used in perennial maize research. In both 
perennial teosinte species, plants were manifested as regrowth after seed production, 
while the difference was that Z. diploperennis showed little growth of rhizome. Studies 
have shown that Z. diploperennis shares five pairs of homologous chromosomes with 
maize (Molina and Naranjo 1987), while the backcross derived from regrowth Z. 
perennis/maize F2s showed inheritance of 17 maize chromosomes and 3 teosinte 
chromosomes (Tang et al. 2005). 
Julian and Paul (1981) crossed Z. diploperennis with a primitive Mexican popcorn 
and the F2 population showed annual growth habit to be dominant to the perennial with a 
segregation ratio close to 3:1. Therefore, they suggested that perennialism in teosinte is 
recessive. However, Galinat argued that the perennialism is at least partially controlled by 
two dominant complementary genes (Galinat et al. 1981). In 1982, Ting and Yu (1982) 
also performed another experiment with 152 F1 hybrids of maize and Z. diploperennis. 
Their result also showed all regrowable plants in F1 and thus suggested the perennial 
should be controlled by dominant genes.  
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Westerbergh and Doebley (2004) made a hybrid population by crossing annual Zea 
mays with Z. diploperennis, and researched on perennial-related quantitative trait loci 
(QTL). A total of 38 QTL for eight traits were detected from 425 F2 individuals. The 
QTL suggested important roles of chromosome 2 and 6 played in perennial habit. 
However, no single QTL showed significant effect to the regrowth.  
In our previous study, we successfully created perennial maize by hybridizing Z. 
diploperennis and Z. mays cv. Rhee Flint. Based on the segregation ratio found in the F2 
and the F3 generations, we hypothesized that perennialism seems to be controlled by two 
dominant complementary genes (Qiu 2015). The correlation test showed that gt1 and tb1 
genes, when they were considered together, showed positive association with regrowth 
but individually, they were not. Our data also showed that rhizome and tuber formation 
are not essential for perennialism in Zea. Five single sequencing repeat (SSR) markers on 
chromosome 4, 6 or 8 showed significant correlation with regrowth when analyzed with 
linear co-segregation statistics. 
To further investigate candidate genes related with perenniality in maize, GBS was 
applied in this study to increase polymorphic markers. Based on high-throughput next-
generation sequencing, GBS is a viable and cost-effective alternative to traditional 
methods for genetic mapping. It is a powerful and convenient technique to discover 
single nucleotide polymorphism (SNP) markers (Elshire et al. 2011) and carries a 
relatively low-cost. GBS has been used as a flexible tool for genetic studies and breeding 
especially in plant science (Poland et al. 2012). Our objectives are to identify the 
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candidate loci related to perenniality in Zea with GBS and the related analyses, and to 
verify the candidate loci with genetic mapping of SNP-derived PCR markers.  
2.2 Materials and methods 
2.2.1 Population generation 
Maize inbred line B73 was crossed with Z. diploperennis to create segregating 
populations in the winter of 2014 in greenhouse, and then in the field in the summer of 
2015 with the help by Dr. Donald Auger. Five F1 plants were produced from the 
greenhouse harvested hybrid seeds. They were first grown in the East Greenhouse, South 
Dakota State University, SD, USA from early October to June. At the age of two months, 
the F1 plants were treated with 10h light/14h dark cycle for four weeks to induce floral 
development before they were transplanted to the field and then grown there from early 
June to early October. The five F1 plants were moved back to the greenhouse before the 
occurrence of the first killing frost. They have been since grown over winter in the 
greenhouse, and over the summer in the field for two years. The five F1 plants were 
selved to produce the F2 seeds. The F1 seeds produced in the field in 2015 were grown in 
Hawaii over the 2015/2016 winter. The selved F2 seeds were harvested from four of them 
without additional treatment. In January 2016, a total of 134 F2 seeds (BZ2-x-n, where “B” 
stands for B73, “Z” for Z. diploperennis, “2” for F2, “x” for individual F1 plants and “n” 
for individual F2 plants derived from F1 plant n) from the nine F1 plants were grown in 
the greenhouse as nine individual F2 families.  
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2.2.2 DNA preparation 
Fresh leaves were collected from each plant and stored in 15 mL conical centrifuge 
tubes on ice. They were either immediately used for DNA extraction or placed in 
lyophilizer for freeze-dry under -20℃ for 48 hours when they were completely dried. 
The freeze-dried samples were then stored at room temperature until used for DNA 
extraction.  
DNA samples were extracted from either fresh or dried leaf samples by using the 
CTAB procedure (Doyle et al. 1990), and then evaluated by Nanodrop ND-2000 UV-Vis 
Spectrophotometer (Thermal Fisher Scientific). All samples had concentrations higher 
than 2000 ng/μl and a 1.8-2.8 260/280 ratio. Part of each DNA stock was then diluted 
with TE buffer to a concentration of 50 ng/μl and then allocated into 200 μl PCR tubes. 
Both DNA stocks and dilutions were stored under -20℃. 
2.2.3 Genotype-by-sequencing  
For the GBS assay, a pool of 94 F2 DNA samples were selected, based on the 
differences of phenotype and population size, as random as possible, from all nine F2 
families. DNA from Z. diploperennis and 94 F2 plants were extracted from leaf samples 
and diluted to 30 μl at a concentration of 50 ng/μl with TE buffer, and allocated into a 96-
well plate. Samples were sent to the University of Wisconsin-Madison Biotechnology 
Center (UWBC) for library construction and sequencing in October 2016.  
Generally, to process GBS, all DNA samples were digested with an ApeKI restriction 
enzyme (RE), and unique barcodes were annealed to the RE fragments of each DNA 
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sample. Single-end 100 bp (1x100bp) sequencing run was carried out on an Illumina 
HiSeq 2500 platform. The raw data was pooled as a single fastq file and downloaded 
from the University of Wisconsin Bioinformatics Resource Center (UWBRC). The 
quality report was also provided by UWBRC, produced by FastQC version 0.11.2 to 
determine the overall sequencing quality. 
2.2.4 TASSEL pipeline and SNP discovery 
To discover SNPs for the 94 F2s, TASSEL pipeline was used under the guidance of 
TASSEL manual (Glaubitz JC, et al. 2014). In this study, we mainly followed TASSEL 3 
pipeline, while if command line was compatible TASSEL 4 and 5 pipeline were then 
used. It is worth noting that the latest TASSEL 5 pipeline has different ideology in some 
steps to call SNPs which produces different file formats and not compatible with 
TASSEL 3 or 4. B73_RefGen_V4 reference genome (Jiao et al. 2017) was downloaded 
from MaizeGDB and processed with Bowtie2 for alignment (Langmead B, et al. 2012). 
The barcoded sequence reads were collapsed into a set of unique sequence tags with 
counts. The tag count files were filtered for minimum count threshold and merged into 
the master tag count file. Master tags were aligned to the B73 reference genome to 
generate a "Tags On Physical Map" (TOPM) file, which contains the genomic position of 
each tag with the best unique alignment. The occupancies of tags for each taxon were 
observed from barcodes information in the original FASTQ files. Tag counts were stored 
in the "Tags by Taxa" (TBT) file. The TOPM and TBT files were used to call SNPs at the 
tag locations on the genome. The SNPs were filtered by minimum taxa coverage, 
minimum locus coverage and minor allele frequency (MAF). Figure 2. 1 showed the 
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general idea of TASSEL pipeline. Fastq files containing chromosome 1 to 10 genomes 
were merged by FASTX_Toolkit (GJ. Hannon) and indexed, while Mt, Pt and 
nonchromosomal genomes were not adopted. 
Details for SNP discovery including examples of command line and important 
arguments were described in Appendix 1. If the default value of an argument was used, it 
is not shown in the appendix. All commands to discover SNPs were executed in Ubuntu 
16.04 LTS platform. SNPs resulted from TASSEL filters plugin with a minimum minor 
allele frequency of 0.01 were filtered again by removing sites with missing data in more 
than 20% (Potts 2016)  (≥ 17) of the F2 plants.   
2.2.5 Scoring genotypes and phenotypes 
Genotype identical to B73 allele was masked as “A” and all the others were masked 
as “B” to represent Z. diploperennis allele. To perform the statistical analysis, all 
genotypes and phenotypes were transformed into numeric values. Homozygote AA was 
scored as “1”; homozygote BB was scored as “3”; and heterozygous was scored as “2”. 
For phenotypes, the regrowable plants were scored as “0” and the non-regrowable plants 
were scored as “1”. 
2.2.6 Missing data fix and chi-square test 
After removing SNPs with missing data in more than 20% of the F2 plants, the 
remaining missing genotypes were imputed. All missing data were treated as 
heterozygote since both two alleles can be embodied and considered to be moderate. 
Since both phenotypic and genotypic values were categoric, a chi-square goodness of fit 
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test (χ2) was conducted in excel 2013 to evaluate the discrepancy or fitness between 
observed and expected data. A contingency table was created to display the frequency 
distribution of variables. The χ2 value was calculated by: 
𝜒2 = ∑
(𝑂𝑖 − 𝐸𝑖)
2
𝐸𝑖
𝑛
𝑖=1
 
Where: 
𝑛 = number of variable; 
𝑂𝑖 = observed count for bin I; and
 
𝐸𝑖 = expected counts for bin i. 
The data set was divided into two groups based on the phenotype of each individual, 
regrowth and non-regrowth. 𝐸𝑖 was calculated by theoretic genotype rate which was 
determined by the segregation ratio; 𝑂𝑖
 was the number of observed genotype. We then 
stated the null hypothesis and alternative hypothesis as: 
H0: the observed genotype fits the expected genotype 
H1: the observed genotype is different than expected genotype 
Therefore, the degree of freedom (df) was determined by k-1, where k=n. With p-
value = 0.05 as the significant level, we determined critical χ2 value at that df. If the 
calculated χ2 ≥ 𝜒0.05
2 , we reject the null hypothesis and consider the observed genotype is 
significantly different from expected genotype; if χ2 < 𝜒0.05
2 , then we accept the null 
hypothesis that the observed genotype is the same as the expected, which means the SNP 
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fit the expected segregation and is related with regrowth. So that, the best fitted SNP has 
P(χ2) = 1 and χ2 = 0.  
To determine the influence of such fix, χ2 test was performed for both data sets, with 
and without missing data fixing. In unfixed data, for each SNP, individuals with missing 
genotypic data were omitted, which made the total number of population different among 
SNPs. Therefore, the expected counts were calculated respectively. While in fixed data, 
the same expected value was used among SNPs since all missing data was replaced as 
heterozygote. The fixing method was evaluated by the Pearson correlation test of χ2 
values between the two data sets to decide which one would be used for further candidate 
gene selection. According to the χ2 test, SNPs were then filtered with χ2 < 𝜒0.05
2 .  
The same χ2 test was also performed to determine the expected segregation model. 
The best fitted segregation model was used to calculate the expected genotypic ratio. 
2.2.7 Locus test 
The 4th SNP filter was performed before candidate gene estimation was done. This 
was done by removing SNPs with positions very close to each other, in the range of 100 
bp, and also showed exactly the same genotype and kept only the first SNP in the cluster. 
Theoretically, such close SNPs were indicating the same gene. By removing the 
redundant, locus test can be more precise since repeated SNP sites would affect the LOD 
value and influence the interval estimation.  
The locus analysis was executed by normal quantitative trait loci (QTL) procedure in 
R using R/qtl package (version 1.40-8) (Broman et al. 2003), to better observe the 
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contribution of each SNP and their neighbors. With a maximum distance of 1.0 cM 
simulation drawing position and error probability of 1x10-4 and, the conditional genotype 
probability (calc.genoprob), as well as simulated genotypes (sim.geno with n.draw=32), 
were calculated.  “haldane” function was used to convert genetic distances into 
recombination fractions. Genome scan with a single locus model (scanone) was 
performed with binary model and EM algorithm method. Permutation test with 1000 
replicates was performed in scanone to visualize the LOD thresholds. The detail of script 
for R/qtl was shown in Appendix 2B. 
We determined a locus interval by simply selecting the first and last SNP sites with 
significant LOD value. Potential candidate genes found significantly associate with 
regrowth were chosen by searching the corresponding region on Gramene website.  
2.2.8 Verification of the predicted loci 
Genetic mapping was conducted to verify the loci predicted by the locus test. This 
was done by first converting SNPs to PCR markers and then analyzing the co-segregation 
of the PCR markers with regrowth among the 132 F2 plants (BZ2-001-01 and BZ2-004-
06 sample stocks were accidentally missing). To design PCR primers for SNP sites, both 
the fragment sequence and the physical map position of a SNP are needed, which were 
stored in the sam file produced by bowtie2 alignment step. The sam file was first 
transformed into bam format using SAMtools (version 1.4) (Li H, et al. 2009) and loaded 
in R by Rsamtools (version 1.28.0) package. The data was then sorted by “readAlignment” 
command in GenomicAlignments (version 1.12.0) package and output as csv file format, 
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which included all GBS sequences as well as the corresponding genomic positions on 
reference genome. The script for R steps was described in Appendix 2C. 
For every SNP of interest, 1~3 SNPs within a nearby range of 2 kb were selected. 
Generally, Allele-Specific PCR (AS-PCR) primers were designed (Liu 2012) with small 
changes. Instead of generating nine possible mismatches among the three bases at the 
three end, only primers with up to 4 mismatches targeting the third and fourth bases were 
designed in our experiment. On each site, two forward primers were designed to 
specifying the parental alleles. The one targeted the B73 allele was further confirmed by 
comparing with maize sequence information (Zea mays AGPv4) on Gramene website, 
and the other was then considered as the Z. diploperennis allele. A normal reverse primer 
was designed somewhere downstream to pair with the forward primers and the repeating 
lengths were controlled within 200 bp to 600 bp. While in some cases, there was no 
appropriate forward primer can be designed, the same method was used to design sets of 
reverse primers to target the SNP, and have a forward primer upstream. The two methods 
can be used at the same time to identify polymorphic bands.  
All primers were first screened between B73 and Z. diploperennis for polymorphism 
and optimized for each PCR parameters. The PCR amplications were performed in a 20 
μl reaction with 1 μl of 50 ng/μl DNA template, 1 μl of 5 μmol forward and reverse 
primers, and 18 μl 1X GoTaq Green Master Mix (Promega). The overall PCR steps 
included an initial denaturation step at 95℃ for 5 min; 35 cycles of 95℃ for 45s, 55℃ 
for 60s, and 72℃ for 60s; and a final extension at 72℃ for 7min. The PCR product was 
analyzed on 1.5% agarose gel at 150 volts for 30 min to identify genotype. Annealing 
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temperature was varied based on the sequence of primer. The polymorphic markers were 
then used to screen with 132 F2s and the genotypes were scored “1” “2” “3” as described 
above. The same chi-square goodness of fit test was then performed again to test for the 
fitness of genotype and phenotype.  
2.3 Results 
2.3.1 Phenotypic data 
To determine the phenotype for perenniality in maize, we focused on the ability of 
regrowth after a plant completed a whole life cycle (Figure 2. 2). Generally, if new tillers 
can sprout when the main stalk senesced, that plant was considered as regrowable, even if 
it died later (Figure 2. 3B). It is possible that a plant starts to regrow before, immediately 
after or several weeks after the senescence of the main stalk. The last situation happened 
more common when the plants were grown in the field. With sufficient nutrition and 
sunlight, plants kept germinating adventitious buds and became new stalks later. Plants 
without a tiller can be regrowable, and, on the other hand, plants with multi-stalks can be 
non-regrowable (Figure 2. 3A-D). This observation consists with our previous 
observation of a Z. diploperennis-Z. mays cv Rhee Flint hybrid and its derivatives (Qiu 
2015). 
No rhizome was observed on any regrowable F2 plant. All regrowth were either from 
basal or an adventitious bud (Figure 2. 4). However, most regrowth from adventitious 
buds either died soon or were severely suffered from malnutrition possibly due to 
insufficient nutrition and water supply from the senesced stalk while they were not able 
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to grow any root into the soil. On the other hand, regrowth from a basal bud can develop 
fresh roots and then no longer relied on nutrition and water from the senesced main stalk, 
thus, can live healthier. 
The phenotypic scores for all 134 BZ F2 plants were listed in Table 2. 3. Among 
these 134 plants, 81 were regrowable and 53 were non-regrowable, which showed a ratio 
close to 9:7 segregation (P(χ2) = 0.327). Although 9 families were included in the F2s, the 
overall segregation still fitted two gene models and confirmed that F1s were true hybrid 
for perenniality. A sub-population of 55 regrowth and 39 non-regrowth individuals 
selected for GBS were listed in Table 2. 4.  
2.3.2 SNP discovery and genotypic data 
Overall, 264,747,727 reads were produced by GBS with 96% good and 21,064,623 
unique tags were identified. To ensure the integrality of the population, sequences 
marked by Z. diploperennis were excluded from SNP calling. 2,204,834 (85.14%) tags 
were aligned with B73 reference genome at least once in Bowtie2 alignment step. By 
using TASSEL pipeline, 714,158 SNPs were called at the first time. 11 individuals failed 
to call SNP and were excluded which left 83 individuals including 46 regrowth and 37 
non-regowth. The so-called SNPs covered all 10 chromosomes with an average of 71,416 
SNPs per chromosome. After performing with GBSHapMapFiltersPlugin, the SNPs were 
first filtered by removing MAF value lower than 0.01 which 37,925 left SNPs. The SNP 
number was further decreased to 10,431 after removing SNPs with missing data rate of 
higher than 20%.  
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2.3.3 Chi-square goodnees of fit test and missing data fixation 
Of the remaining 83 samples, 46 regrowth and 37 non-regrowth was best fitted the 
segregation ratio of 9:7 (P(>χ2) = 0.879). Such segregation ratio was then used to 
calculate the expected number of genotypes. In the regrowth group, we expected 33.3% 
individuals as Z. diploperennis homozygous (AA) and 66.6% as heterozygous (AB); in 
the non-regrowth subpopulation, we expected AA, AB and BB as 14.3%, 28.6% and 
57.1%, respectively. Altogether, five variables were used in chi-sqaure test which made 
df = (5-1) = 4. The critical value to filter SNPs was 9.49, when P(χ2) = 0.05 and df = 4. 
The test results showed 946 SNPs in the unfixed data set and 955 SNPs in the fixed data 
set with χ2 value less than 9.49. Among all 10,431 SNPs, the mean value of χ2 was 21.54 
for the fixed data, and 24.54 for the unfixed data. The Pearson correlation test showed 
significant correlation (r = 0.973, p < 0.00001) between the two data sets. However, 383 
SNPs with χ2 > 9.49 in the unfixed data were changed to be less than 9.49, while 392 
SNPs with χ2 < 9.49 showed χ2 higher than 9.49 after missing data fixing. Though the 
overall data was significantly the same after fixing, the impact of the change of 775 SNPs 
cannot be ignored and foreseeable difference would be existed in locus analysis. Thus, 
we rejected the method and used unfixed data set for further candidate locus estimation. 
2.3.4 Analysis of physical intervals 
All remained 946 SNPs that fitted the expected model (χ2 < 9.49) in the unfixed data 
were filtered again to remove neighbor SNPs with the same genotypic data. Only 597 
independent SNPs were left to conduct a normal QTL test for locus analysis and 
likelihood of odds (LOD) calculation. During the execution of the analysis, 1,969 
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additional positions were automatically imputed as a supplement to estimate the 
likelihood between two SNPs. Figure 2. 5 showed the genetic map of 597 SNP markers 
with an average gap distance of 3.52 cM. Most SNPs (74.2%) were evenly distributed on 
chromosome 2, 3, 4, 5 and 7. With permutation time of 1,000, the LOD threshold of 90%, 
95% and 99% were 3.83, 4.17 and 4.89, respectively. The distribution of LOD score was 
visualized in Figure 2. 6 with a significant threshold being indicated by dashed lines. The 
highest LOD score 5.01 showed at an imputed position at the 5,862,253 bp on 
chromosome 7. Ten positions on chromosome 2, and six on chromosome 7 had LOD 
scores passing the 90% threshold, of which three on chromosome 7 and four on 
chromosome 2 passed the 95% threshold; only one position on both chromosomes had 
LOD score higher than the 99% threshold. Among all 16 positions passed 90% threshold, 
8 of them were imputed and the other 8 were real SNP sites.  
By using the lodint() with LOD drop unit of 0.5 cM and expandtomarkers arguments, 
two loci were located. The detected loci spaned from the 24,244,192 to 28,975,747 bp on 
chromosome 2 and the 2,862,253 to 6,681,861 bp on chromosome 7, respectively. The 
estimated locus positions were at the 27,934,739 bp on chromosome 2 and the 5,060,739 
bp on chromosome 7. The effect plots for the two loci were shown in Figure 2. 7. The 
S2_27934739 (where “S” stands for “SNP”; “2” stands for chromosome 2; and 27934739 
is the SNP position) effect plot showed homozygote Z. diploperennis allele (AA) close to 
0.8 which indicated a less expected effect to regrowth (1), while homozygote B73 allele 
(BB) showed close effect to non-regrowth (0), and the effect of heterozygous (AB) to 
regrowth was higher than expected 0.5 value. S7_5060739 on chromosome 7 showed a 
better estimated effect model with a more linearized tendency and AA effect closer to 1.   
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2.3.5 Candidate genes and polymorphic marker genotyping 
Candidate genes were determined by RefGen_V4 on Gramene website. For gene 
GRMZM2G138125 which spans from the 27,929,562 to 27,938,867 bp and 
Zm00001d002950 spans from the 27,929,335 to 27,938,856 bp on chromosome 2, there 
are no associated pathways. On chromosome 7, gene GRMZM2G048172, which spans 
from the 5,058,044 to 5,060,380 bp, was found as the closest gene to S7_5060739. This 
gene codes a polypeptide that was related to freezing response. The second gene 
Zm00001d018780 which overlaps with GRMZM2G048172 and is also very close to 
S7_5060739, spans from the 5,058,282 to 5,060,333 bp and the function is unknown 
(Table 2.5). 
Altogether, 13 SNPs in 6 regions on chromosomes 1, 2 and 7 neighbored to the first 
and second highest peak were selected to design PCR primer sets for detecting 
polymorphism between the parents (Appendix 4). After optimizing annealing 
temperatures and concentrations of the components, 4 pairs showed polymorphism 
between Z. diploperennis and B73 (Table 2.6). Only the primer set, 2-1A located at the 
27,773,017 bp on chromosome 2 showed χ2 = 9.16 (P=0.057), which was less than the 
0.05 threshold (df = 4). The χ2 only for regrowth group was 1.89 (P = 0.168, df = 1), for 
non-regrowth was 7.26 (P = 0.02, df = 2). Four samples were found to be unreadable with 
and marked as missing data which were not included in chi-square test (Table 2.7). 
Figure 2.8 showed the consolidated well labeled gel picture of 2-1A. One repeat was 
performed to verify and repatch the result. Due to different layout used in gel loading, 
some bands were pasted from different gels. The result indicated that SNP at the 
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27,773,017 bp on chromosome 2 had the same segregation to the expected gene model. A 
connection, though not strong, existed between genotype at that position and regrowth 
phenotype. Several genes covered or closed to the SNP position were listed in Table 2. 7. 
The rest three polymorphic marker had χ2 value higher than 9.49 and indicated significant 
differences to the expected genotype.  
2.4 Discussion  
2.4.1 Determination of perennialism 
There is no doubt that perenniality in maize is controlled by multiple genes and 
environmental sensitivity. So far, many conflicting conclusions have been reached on the 
inheritance of perennialism, from Shavel’s three-recessive-gene model (Shavel 1967) to 
the two-dominant-gene model by Galinat (1981), yet none of them were confirmed by 
solid result. Two reasons to explain the confliction are: 1) the different choices in 
perennial parent, Z. perennis and Z. diploperennis, and 2) the different decision of 
perennial phenotype.  Rhizomes, crowns, bulbs, tubers or polycarpy are often cited as 
means by which plants achieve perenniality, but none of these is absolutely required. 
Considering the nature of perennial that juvenile meristematic tissues are needed to 
initiate the growth of new tillers. Genes related with tiller growth and knots generation 
are theoretically required. Possibly affected by environmental factors, the regrew tiller 
will be matured as normal vegetative branch or directly become tassel and ear, or even 
die afterwards (Figure 2. 3C-F). Because of the diversity of regrowth discovered in our 
study, we unified the phenotype to the growth of new tiller after the senescence of main 
stalk. Under such circumstance, both Z. diploperennis/Rhee Flint offspring phenotype 
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ratio in Qiu’s research and Z. diploperennis/B73 ratio indicated two-dominant-gene 
model (Qiu 2015) as the same as Galinat’s suggestion (Galinat 1981). The evergreen 
stalk was also observed in our study which maintained juicy tiller neither grew nor died 
for months. Such plant was also considered as regrowth if the stalk was initiated after the 
senescence of the main stalk. 
2.4.2 Chromosomes 2 and 7 might be associated with perenniality in maize 
The chi-square goodness of fit test indicated a relationship between a single SNP 
genotype and the expected genotype estimated by theoretical segregation. SNPs with χ2 
value smaller than χ2(0.05) accepted the null hypothesis that no difference existed, the 
smaller the better. The further LOD score calculated in locus analysis indicated the SNP 
contribution among neighboring positions. Both χ2 results and LOD scores showed the 
short arm of chromosome 2 and 7 were more likely to be associated with the regrowth 
phenotype.  
Apart from chromosomes 2 and 7, chromosome 1 might also be related with a lesser 
effect as its general LOD level is higher than the other chromosomes (Figure 2. 6), and 
has gt1 (the 23,241,091 to 23,244,476 bp) and tb1 (the 265,745,979 to 265,747,712 bp) 
on the site which combination may be involved in controlling regrowth somehow. Other 
chromosomes were excluded from consideration because of the low LOD scores. Due to 
this reason, we also designed primer sets for SNPs neighbored to the two peaks on 
chromosome 1. On the other hand, there is no related pathway for those candidate genes 
which can show evidence connect to the regrowth. If such genes are proved to be truly 
associated with perenniality in the later research, pathways/functions would be redefined. 
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Also, chromosome 4, 6 and 8 which were suggested to be significantly correlated with 
regrowth by SSR marker screening (Qiu 2015) show low LOD scores, thus are rejected 
as candidate chromosome.  
Our small sample size limited the reliability of performing genome-wide-
association-study. Normally, to do genome-wide-association-study (GWAS) analysis, the 
minimum sample size should be higher than 150. Also, as the categorical variables used 
for both phenotypic and genotypic data, while GWAS can only deal with mixed linear 
model which will underestimate data and become unreliable. In this way, only chi-square 
test and QTL analysis were performed for finding candidate genes. 
2.4.3 SNP Marker genotyping indicated limited correlation 
From the original SNPs called by TASSEL pipeline to SNPs within the QTL 
interval, the number of marker was dramatically decreased after several filters. Rather 
than using existed markers for each candidate gene provided online, we preferred to 
design own markers for SNPs, as which were more likely to provide polymorphism to be 
verified. Considering the rigorous demand for SNP primer design and low SNP detection 
efficiency of AS-PCR (Liu 2012), it is unsurprised that only 4 primer sets can show 
polymorphism. The low χ2 value of 2-1A primer set accepted the alternative hypothesis 
that genotypic data from PCR analysis was similar to the expected genotype distribution, 
which indicated a correlation between such SNP and regrowth. Since position 27,773,017 
was within the QTL interval on chromosome 2, we can confirm such QTL interval as 
perennial related candidate. Four genes were detected overlap the SNP (Table 2. 7). Two 
coding genes were included in pathways, however, not likely to be related to regrowth. 
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More polymorphic SNP markers, especially for candidate interval on chromosome 7, are 
needed.  
Another option to verify candidate position is to use Kompetitive Allele Specified 
PCR (KASP) technique to screen populations. KASP uses homogenous fluorescence-
based genotyping method to label different alleles (Semagn et al. 2013). It is very 
convenient to use for SNP identification, location and genotyping of entire population 
(Pierson 2013). It requires a known SNP range between 50-100 bp, thus this technique is 
usually performed for QTL mapping, which matches our situation. 
2.5 Conclusion and future perspectives 
Based on our results, we concluded that chromosome 2 and 7 are significantly related 
with regrowth. Candidates with high possibility are in an interval positions at the 
24,244,192 to 28,975,747 bp on chromosome 2 and the 2,862,253 to 6,681,861 bp on 
chromosome 7. Only 4 out of 13 primer sets showed polymorphism between the parents. 
Primer set 2-1A showed correlation to regrowth with P(χ2) = 0.195. So far, none of 
candidate gene has been verified by correlated SNP primers. More primers are needed 
and significant SNP markers on other chromosomes can also be included later. 
It is also worth noting that, the two genes on chromosome 1, gt1 and tb1, which were 
normally considered as the suspicious control genes for perenniality in maize and tested 
no significance in our previous study, could play some role in the perennial pathway. 
Even though, SNPs on chromosome 1 showed less significance to regrowth, connections 
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may exist. It is worthy to reconsider their contribution in maize perenniality, especially 
considering their similar functions, the growth of tiller.   
Our future study will continue focus on the research of candidate genes associated 
with perenniality. More BZ F2 plants will be planted and performed GBS to larger the 
sequencing population. Meanwhile, more SNP markers will be designed to find valid 
markers for perennial gene screening using the same methods described above, or use 
Kompetitive Allele Specific PCR (KASP) method instead. For long-term project, near-
isogenic line for perennial maize is under construction. The true-breeding NIL can be 
helpful to identify candidate genes as well as further confirming our two-codominant 
gene model. After the perennial genes are identified, knocking down and overexpression 
will be performed to negatively/positively verify the gene function.  
38 
 
 
 
References 
Advice on genotype-by-sequencing (GBS) missing data. Available from: 
https://www.researchgate.net/post/Advice_on_genotype-by-
sequencing_GBS_missing_data 
Alex Pierson. 2013. Miniaturization of the KASP™ Genotyping Assay for Maize with 
the Echo® 525 Liquid Handler. Labcyte Inc. 
Beadle, G. W. 1980. The ancestry of corn. Scientific American, 242 (1), 112-119. 
Broman KW, Wu H, Sen Ś, Churchill GA (2003) R/qtl: QTL mapping in experimental 
crosses. Bioinformatics 19:889-890 
Camara-Hernandez, J and Mangelsdorf, PC. 1981. MNL 55:15-17 -- Crosses of Zea 
diploperennis with corn 
DuPont ST, Culman SW, Ferris H, Buckley DH, Glover JD. 2010. No-tillage conversion 
of harvested perennial grassland to annual cropland reduces root biomass, decreases 
active carbon stocks, and impacts soil biota. Agriculture Ecosystems & Environment 
137:25-32. 
Doyle JJ, Doyle JL. Isolation of plant DNA from fresh tissue. Focus. 1990;12:13–15. 
DuPont ST, Culman SW, Ferris H, Buckley DH, Glover JD. 2010. No-tillage conversion 
of harvested perennial grassland to annual cropland reduces root biomass, decreases 
active carbon stocks, and impacts soil biota. Agriculture Ecosystems & Environment 
137:25-32. 
Elshire, Robert J.; Glaubitz, Jeffrey C.; Sun, Qi; Poland, Jesse A.; Kawamoto, Ken; 
Buckler, Edward S.; Mitchell, Sharon E. (2011-05-04). "A Robust, Simple 
Genotyping-by-Sequencing (GBS) Approach for High Diversity Species". PLOS 
39 
 
 
 
ONE. 6 (5): e19379. 
Emerson, R.A. & Beadle, G.W. 1930. A fertile tetraploid hybrid between Euchlaena 
perennis and Zea mays. American Naturalist. 64:190-192. 
Galinat, W. C. The inheritance and linkage of perennialism derived from diploperennis.  
MNL 55, 107 (1981). 
GJ. Hannon, Cold Spring Harbor Laboratory, FASTX_Toolkit. Available from 
http://hannonlab.cshl.edu/fastx_toolkit/ 
Glaubitz JC, Casstevens TM, Lu F, Harriman J, Elshire RJ, Sun Q, et al. (2014) 
TASSEL-GBS: A High Capacity Genotyping by Sequencing Analysis Pipeline. 
PLoS ONE 9(2): e90346. 
Iltis HH, Doebley JF, M RGN, Pazy B. Zea diploperennis (Gramineae): A new teosinte 
from Mexico. Science. 1979;203:186–188. 
Kantar MB, Betts K, Michno JM, Luby JJ, Morrell PL, Hulke BS, Stupar RM, Wyse DL. 
2014. Evaluating an interspecific Helianthus annuus x Helianthus tuberosus 
population for use in a perennial sunflower breeding program. Field Crops Research 
155:254-264. 
Langmead B, Salzberg S. Fast gapped-read alignment with Bowtie 2. Nature Methods. 
2012, 9:357-359. 
Li H., Handsaker B., Wysoker A., Fennell T., Ruan J., Homer N., Marth G., Abecasis G., 
Durbin R. and 1000 Genome Project Data Processing Subgroup (2009) 
Li, M. et al. Enrichment of statistical power for genome-wide association studies. BMC 
Biol. 12, 73 (2014). 
40 
 
 
 
Lipka, A. E. et al. GAPIT: genome association and prediction integrated tool. 
Bioinformatics 28, 2397–2399 (2012). 
Liu J, Huang S, Sun M, et al. (2012). An improved allele-specific PCR primer design 
method for SNP marker analysis and its application. Plant Methods. 2012;8:34. 
doi:10.1186/1746-4811-8-34. 
Maize production in 2014, Crops/Regions/Production Quantity from pick lists. United 
Nations, Food and Agriculture Organization, Statistics Division (FAOSTAT). 2014. 
Matsuoka, Y., Y. Vigouroux, M. Goodman, J. Sánchez, E. Buckler, and J. Doebley. 2002. 
A single domestication for maize shown by multilocus microsatellite genotyping. 
Proceedings of the National Academy of Sciences of the United States of America 
99:6080–6084. 
Poland JA, Rife TW (2012) Genotyping-by-Sequencing for Plant Breeding and Genetics. 
Plant Genome J 5: 92. 
Qiu Yinjie. 2015. Breeding perennial crop for South Dakota. Master thesis, South Dakota 
State University. 
R Development Core Team (2008). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-
900051-07-0 
Pirie NW. 1992. Out of the earth-Civilization and the life of the soil . Nature 357:373-
374. 
Potts SM. 2014. Identification of QTL and candidate genes for plant density tolerance in 
maize. PhD thesis, University of Illinois at Urbana-Champaign. 
Semagn, Kassa; Babu, Raman; Hearne, Sarah; Olsen, Michae. Single nucleotide 
41 
 
 
 
polymorphism genotyping using Kompetitive Allele Specific PCR (KASP): 
overview of the technology and its application in crop improvement. 
2013. Molecular Breeding. 33 (1): 1–14.  
Shaver, D. L. Perennialism in maize. Genetics 50: 393-406 September 1964 
Shaver, D. L. Perennial maize. J. Hered. 58, 271-273 (1967). 
Ting, Y. C. & Yu, M. K. Further studies of F1 hybrids of maize x diploid perennial 
teosinte.  MNL 56, 35-36 (1982). 
The Sequence alignment/map (SAM) format and SAMtools. Bioinformatics, 25, 2078-9. 
USDA-FAS, World Agricultural Production. Circular Series WAP 06-17 (2017).  
Washburn JD, Murray SC, Burson BL, Klein RR, Jessup RW. 2013. Targeted mapping 
of quantitative trait locus regions for rhizomatousness in chromosome SBI-01 and 
analysis of overwintering in a Sorghum bicolor x S. propinquum population. 
Molecular Breeding 31:153-162. 
Wilkins PW, Humphreys MO. 2003. Progress in breeding perennial forage grasses for 
temperate agriculture. Journal of Agricultural Science 140:129-150. 
Yinping Jiao, Paul Peluso, Jinghua Shi, Tiffany Liang, Michelle C. Stitzer, Bo Wang, 
Michael S. Campbell, Joshua C. Stein, Xuehong Wei, Chen-Shan Chin, Katherine 
Guill, Michael Regulski, Sunita Kumari, Andrew Olson, Jonathan Gent, Kevin L. 
Schneider, Thomas K. Wolfgruber, Michael R. May, Nathan M. Springer, Eric 
Antoniou, W. Richard McCombie, Gernot G. Presting, Michael McMullen, Jeffrey 
Ross-Ibarra, R. Kelly Dawe, Alex Hastie, David R. Rank & Doreen Ware. 2017. 
Improved maize reference genome with single-molecule technologies. Nature. Vol  
       546: 524-527. doi:10.1038/nature22971. Published online 12 June 2017 
42 
 
 
 
 
Figure 2. 1 The general process of TASSEL pipeline. The barcoded sequence reads 
are collapsed into a set of unique sequence tags with counts. The tag count files are 
filtered for minimum count threshold and merged into the master tag count file. Master 
tags are aligned to the reference genome to generate a "Tags On Physical Map" (TOPM) 
file, which contains the genomic position of each tag with the best unique alignment. The 
occupancies of tags for each taxon are observed from barcodes information in the original 
FASTQ files. The TOPM and TBT files are used to call SNPs at the tag locations on the 
genome. (GBS report provided by Bioinformatics Resource Center at UW)  
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Figure 2. 2  Regrowth phenotype shown in BZ F1. A) The two regrowable BZ F1 
planted in 2013. B) new tiller regrew at knot position after at least 3 life cycles in BZ1-
001. Air-root can be found above ground. 
 
  
44 
 
 
 
 
Figure 2. 3 Different forms of non-regrowth and regrowth. The morphology of annual 
and perennial can be various in the BZ offspring. Multi-stalk plant in the very first life 
cycle can be either non-regrowth (A) or regrowth (D). Normally, the single stalk means 
non-regrowable (B), however, new tillers may not sprout until the death of main stalk (C). 
Also, due to some environmental factors, the mechanism of regrow tillers may vary. It 
can be normal vegetative branch (D) or directly matured as tassel (E) or ear (F). Some of 
them will be evergreen without any development (pictures not shown) 
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Figure 2. 4 Regrowth appear at knots (left) and at basal (right). The left one died one 
month later in Sep 2016 and the right one is still living in greenhouse now. 
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Figure 2. 5 Genetic map of 597 SNP marker across 10 chromosomes. 74.2% markers 
were located on chromosome 2, 3, 4, 5 and 7 and were almost evenly distributed, while 
on other chromosomes, gaps are existing.  
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Figure 2. 6 LOD scores for candidate locus determination. LOD scores of 2,566 sites, 
including 597 SNP markers and 1,969 simulated positions, were shown in the figure. The 
90%, 95% and 99% LOD threshold are 3.84, 4.17 and 4.89, respectively. The thresholds 
were calculated with 1000 permutation.  
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Figure 2. 7 Effect plots for two candidate positions. AA, AB and BB refer to 
homozygote Z. diploperennis allele, heterozygous and homozygote B73 allele, 
respectively. Phenotypic value close to 1 indicates the positive effect to regrowth; 
phenotypic value close to 0 indicates positive effect to non-regrowth. 
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Figure 2. 8 Genotyping of 2-1A primer set. The genotypes of 132 F2 individuals were 
consolidated from two PCR repeats. The polymorphic band sizes of Z. diploperennis and 
B73 were shown at the end of each lane to decide the polymorphism in F2s. Genotypes 
were scored as “1”, “2” and “3”; regrowth was scored as “1” and non-regrowth was 
scored as ”0”. and phenotypic scores were listed below. Four individuals were found 
unreadable therefore, considered to be missing data and marked as “-“. 
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Table 2. 1 Barcodes for all 95 individuals, including Z. diploperennis.  
Sample Barcode Sample Barcode Sample Barcode 
1-1* CTCC 7-7 AACT 10-1 CGCTT 
1-3 TTCTC 7-8 ACCGT 10-2 TTCAGA 
1-4 GCTTA 7-10 TATTTTT 10-3 GAATTCA 
1-5 AACGCCT 7-12 TAGCATGC 10-4 TGGTACGT 
2-2 AGGC 7-13 ATTGA 10-5 GGAAC 
2-7 TCGTT 7-14 CATCGT 10-6 GGAAGA 
2-8 TGGCTA 7-16 CATAAGT 10-7 GCGGAAT 
2-9 TGCTGGA 7-17 CCATGGGT 10-8 GGATTGGT 
2-10 TGCA 7-18 GCGT 10-9 TCACC 
2-11 AGCCC 7-19 GTAA 10-10 TAGGAA 
2-17 CTTCCA 7-20 CTTGCTT 10-11 GAACTTC 
2-18 AATATGC 7-21 AGTGGA 10-12 TCTCAGTC 
2-21 GATC 8-2 CATCT 10-13 GTCAA 
2-22 ACCTAA 8-4 CGCGGT 10-14 GTACTT 
2-23 ACGTGTT 8-5 CGCTGAT 10-15 TAGCGGA 
2-25 AACCGAGA 8-6 CGCGGAGA 10-16 GTGAGGGT 
4-2 ACTA 8-7 TGCGA 10-17 CTAGC 
4-3 GTATT 8-8 GGTTGT 10-18 GCTCTA 
4-5 GAGATA 8-9 ATGAAAC 10-19 GGACCTA 
4-6 ACGACTAC 8-10 TAGGCCAT 10-20 CCGGATAT 
6-1 TCAC 8-11 CCTAC 11-2 TAATA 
6-4 ATATGT 8-12 CTATTA 11-4 GTTGAA 
6-6 ATTAATT 8-13 CGGTAGA 11-6 TCGAAGA 
6-7 ACAGGGAA 8-14 CGTGTGGT 11-7 TATCGGGA 
6-9 CAGA 9-1 CGAT 11-8 ACAAA 
6-10 CTGTA 9-3 CCAGCT 11-9 CCACAA 
6-12 ATGCCT 9-4 AAAAGTT 11-12 GTCGATT 
6-14 GGTGT 9-5 TGCAAGGA 11-13 CGCCTTAT 
7-1 AGGAT 9-8 GAGGA 11-14 TACAT 
7-3 ATCGTA 9-9 GCCAGT 11-16 TAACGA 
7-5 ATTGGAT 9-10 CTACGGA Z.** TCTGTGA 
7-6 ACGTGGTA 9-12 GCTGTGGA blank TTCCTGGA 
*All tags are abbreviation of BZ2-x-n. BZ2- is omitted. 
**Abbreviation of Zea diploperennis  
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Table 2. 2 SNP numbers in each chromosome after every filter step. 
Chr raw SNP number 1st filter 2nd filter 3rd filter 4th filter 
1 109,543 5,751 1,628 82 51 
2 85,283 4,966 1,476 120 77 
3 81,625 4,708 1,200 120 75 
4 75,832 3,376 942 112 82 
5 77,314 4,409 1,197 198 111 
6 58,195 2,938 761 87 49 
7 62,280 3,108 877 144 98 
8 57,748 3,210 877 20 16 
9 57,231 2,982 741 29 16 
10 49,107 2,477 732 34 22 
Total 714,158 37,925 10,431 946 597 
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Table 2. 3 BZ F2 Phenotype scores. Non-regrowth was scored as 0, and regrowth was 
scored as 1. 
Sample PT* Sample PT Sample PT Sample PT 
Z.diploperenis 1 BZ2-004-3 0 BZ2-007-17 0 BZ2-010-4 1 
B73 0 BZ2-004-4 1 BZ2-007-18 1 BZ2-010-5 0 
BZ2-001-1 1 BZ2-004-5 1 BZ2-007-19 1 BZ2-010-6 1 
BZ2-001-2 1 BZ2-004-6 1 BZ2-007-20 1 BZ2-010-7 0 
BZ2-001-3 1 BZ2-006-1 0 BZ2-007-21 0 BZ2-010-8 1 
BZ2-001-4 1 BZ2-006-2 0 BZ2-008-1 1 BZ2-010-9 1 
BZ2-001-5 1 BZ2-006-3 1 BZ2-008-2 1 BZ2-010-10 1 
BZ2-002-1 0 BZ2-006-4 1 BZ2-008-3 1 BZ2-010-11 1 
BZ2-002-2 0 BZ2-006-5 1 BZ2-008-4 0 BZ2-010-12 0 
BZ2-002-3 1 BZ2-006-6 0 BZ2-008-5 1 BZ2-010-13 1 
BZ2-002-4 1 BZ2-006-7 1 BZ2-008-6 0 BZ2-010-14 1 
BZ2-002-5 0 BZ2-006-8 1 BZ2-008-7 0 BZ2-010-15 0 
BZ2-002-6 0 BZ2-006-9 1 BZ2-008-8 1 BZ2-010-16 0 
BZ2-002-7 0 BZ2-006-10 1 BZ2-008-9 0 BZ2-010-17 1 
BZ2-002-8 1 BZ2-006-11 0 BZ2-008-10 1 BZ2-010-18 0 
BZ2-002-9 1 BZ2-006-12 0 BZ2-008-11 0 BZ2-010-19 1 
BZ2-002-10 1 BZ2-006-13 0 BZ2-008-12 1 BZ2-010-20 0 
BZ2-002-11 0 BZ2-006-14 1 BZ2-008-13 1 BZ2-010-21 0 
BZ2-002-12 1 BZ2-007-1 0 BZ2-008-14 0 BZ2-011-1 0 
BZ2-002-13 1 BZ2-007-2 0 BZ2-009-1 0 BZ2-011-2 1 
BZ2-002-14 0 BZ2-007-3 1 BZ2-009-2 1 BZ2-011-3 1 
BZ2-002-15 1 BZ2-007-4 1 BZ2-009-3 0 BZ2-011-4 1 
BZ2-002-16 1 BZ2-007-5 1 BZ2-009-4 1 BZ2-011-5 1 
BZ2-002-17 0 BZ2-007-6 0 BZ2-009-5 0 BZ2-011-6 0 
BZ2-002-18 1 BZ2-007-7 1 BZ2-009-6 1 BZ2-011-7 0 
BZ2-002-19 1 BZ2-007-8 1 BZ2-009-7 0 BZ2-011-8 0 
BZ2-002-20 1 BZ2-007-9 1 BZ2-009-8 0 BZ2-011-9 1 
BZ2-002-21 1 BZ2-007-10 0 BZ2-009-9 1 BZ2-011-10 1 
BZ2-002-22 1 BZ2-007-11 0 BZ2-009-10 0 BZ2-011-11 1 
BZ2-002-23 1 BZ2-007-12 1 BZ2-009-11 1 BZ2-011-12 1 
BZ2-002-24 1 BZ2-007-13 1 BZ2-009-12 1 BZ2-011-13 1 
BZ2-002-25 0 BZ2-007-14 0 BZ2-010-1 1 BZ2-011-14 0 
BZ2-004-1 1 BZ2-007-15 0 BZ2-010-2 0 BZ2-011-15 0 
BZ2-004-2 1 BZ2-007-16 1 BZ2-010-3 1 BZ2-011-16 0 
*PT refers to phenotype  
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Table 2. 4 94 samples and Z. diploperennis used for GBS with phenotypic scores. 
Samples failed to pass TASEEL pipeline were crossed out. Of 94 F2 samples, 55 were 
regrowable and 39 were non-regrowable. 
Line PT Line PT Line PT Line PT 
1-1 1 6-9 1 8-7 0 10-9 1 
1-3 1 6-10 1 8-8 1 10-10 1 
1-4 1 6-12 0 8-9 0 10-11 1 
1-5 1 6-14 1 8-10 1 10-12 0 
2-2 0 7-1 0 8-11 0 10-13 1 
2-7 0 7-3 1 8-12 1 10-14 1 
2-8 1 7-5 1 8-13 1 10-15 0 
2-9 1 7-6 0 8-14 0 10-16 0 
2-10 1 7-7 1 9-1 0 10-17 1 
2-11 0 7-8 1 9-3 0 10-18 0 
2-17 0 7-10 0 9-4 1 10-19 1 
2-18 1 7-12 1 9-5 0 10-20 0 
2-21 1 7-13 1 9-8 0 11-2 1 
2-22 1 7-14 0 9-9 1 11-4 1 
2-23 1 7-16 1 9-10 0 11-6 0 
2-25 0 7-17 0 9-12 1 11-7 0 
4-2 1 7-18 1 10-1 1 11-8 0 
4-3 0 7-19 1 10-2 0 11-9 1 
4-5 1 7-20 1 10-3 1 11-12 1 
4-6 1 7-21 0 10-4 1 11-13 1 
6-1 0 8-2 1 10-5 0 11-14 0 
6-4 1 8-4 0 10-6 1 11-16 0 
6-6 0 8-5 1 10-7 0 Z.* 1 
6-7 1 8-6 0 10-8 1   
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Table 2. 5 Candidate genes for SNP. Genes found overlaps the position of the two candidate loci. The high LOD scores 
were considered to be significantly associated with regrowth. The positions of genes were identified on B73RefGen_V4. In 
B73RefGen_V3, positions might be slightly migrated.  
Chr position LOD χ2 P(χ2) Gene 
Gene position 
（RefGen_V4） 
Pathway 
2 27,934,739 4.944 4.097 0.393 
GRMZM2G138125 27,929,562 to 27,938,867 NA 
Zm00001d002950 27,929,335 to 27,938,856 NA 
7 5,060,739 4.764 7.029 0.134 
GRMZM2G048172 5,058,044 to 5,060,380 GRMZM2G048172 
Zm00001d018780 5,058,282 to 5,060,333 NA 
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Table 2. 6 SNP primers designed for PCR mapping (polymorphic) 
Primer Set Chr Position Allele Z./B73 Annealing Temp(℃) 
1-1CB 
1 82,273,951 G/A 55 
1-1CZ 
1-3AZ1 
1 177,235,112 A/G 
52 1-3AB 
1-3A-Z1 
1-3A-B 58 
2-1AB 
2 27,773,017 C/T 55 
2-1AZ1 
2-3AZ1 
2 124,123,234 GAA/TCG 58 
2-3AB1 
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Table 2. 7 The contiguous table for χ2 test of 2-1A mapping result. Four samples 
were considered as missing data which left 77 regrowth and 51 non-regrowth. Expected 
genotype was calculated with a ratio of 1:2 in regrowth and 1:2:4 in non-regrowth. 
 
Observed genotype Expected genotype 
Regrowth Non-regrowth Regrowth Non-regrowth 
AA 21 4 25.67 7.29 
AB 44 23 51.33 14.57 
BB - 24 - 29.14 
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Table 2. 8 Genes found overlapped or were close to position 27,773,017 on 
chromosome 2, based on Gramene and MaizeGDB database. 
Gene Position Pathway 
GRMZM2G002642 27,769,950 to 27,776,452 Polypeptide: Ankyrin-like protein 
Zm00001d002943 27,769,845 to 27,779,192 NA 
AC199765.4_FGT008 27,777,537 to 27,779,027 Enzyme: Cellulase 
Zm00001d002944 27,779,321 to 27,782,869 NA 
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Appendix 
Appendix 1.  Steps in TASSEL pipeline including example command lines and brief 
descriptions. Parameters are highlighted and described when first be used. 
Step 1 
 
FastqToTagCountPlugin 
Description 
Derives a tagCount list for each FASTQ file. Keeps only good reads having 
a barcode and a cut site and no N's in the useful part of the sequence. Trims 
off the barcodes and truncates sequences that (1) have a second cut site, or 
(2) read into the common adapter. 
Example 
/home/tassel/run_pipeline.pl -fork1 -Xms8G -Xmx16G -
FastqToTagCountPlugin -i fastq -k key.txt -e ApeKI -o tagcounts -
endPlugin -runfork1 
Parameters 
-Xms8G,  
-Xmx16G 
Set minimum and maximum usage of RAM. 
Step 2 
MergeMultipleTagCountPlugin 
Description Merges each tagCount file into a single “master” tagCount list. 
Example 
/home/tassel/run_pipeline.pl -Xms8G -Xmx16G -fork1 -
MergeMultipleTagCountPlugin -i tagcounts -o 
mergedtagcounts/BCA965ANXX_4.cnt -c 5 -endPlugin -runfork1 
Parameters -c 5 
Minimum number of times a tag must be present 
to be output, typically between 5 and 20. The 
lower value is , the more sequencing errors will be 
included analysis. Default: 1 
 
Note: Sequencing errors can be tolerated and will be removed by following steps. 
Step 3 
TagCountToFastqPlugin 
Description: 
Converts a master tagCount file containing all the tags of interest from 
binary (.cnt) format into a FASTQ format file (.fq) that can then be used as 
input to bowtie2. 
Example 
/home/tassel/run_pipeline.pl -Xms8G -Xmx16G -fork1 -
TagCountToFastqPlugin -i mergedtagcounts/BCA965ANXX_4.cnt -o 
BCA965ANXX_4.fq -c 5 -endPlugin -runfork1 
Step 4 
Bowtie2 
Alignme
nt** 
Bowtie2 Index 
Description Creates a series of support files needed to operate bowtie2. 
Example 
bowtie2-build 
chr1.fa,chr2.fa,chr3.fa,chr4.fa,chr5.fa,chr6.fa,chr7.fa,chr8.fa,chr9.fa,chr1
0.fa /home/gbs/b73ref/b73_ref.fa 
Notes 
Chromosome 1 to 10 from B73_Ref_V4 genome are used to create index 
files. 
Step 5 
Alignment with bowtie2 
Description Aligns the master set of GBS tags to the reference genome. 
Example 
bowtie2 -p 8 -N 0 -L 20 -i S,1,0.50 -D 20 -R 3 -x /home/b73ref/b73_ref.fa -
U /home/gbs/analysis/BCA965ANXX_4.fq -S 
/home/gbs/analysis/BCA965ANXX_4.sam 
Parameters 
-p 8 The number of processors to be used. 
-N 0 
The number of mismatches to allowed in a seed 
alignment during multiseed alignment. Can be set to 0 or 
1. Higher value makes alignment slower but increases 
sensitivity. Default: 0. 
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-L 20 
The length of the seed substrings to align during 
multiseed alignment. Smaller values make alignment 
slower but more sensitive. Default: 20. 
-I S, 1, 0.50 
Sets a function governing the interval between seed 
substrings to use during multiseed alignment. Decide the 
seed frame length and interval which can influence the 
accuracy of alignment. 
-D 20 
The times that consecutive seed extension attempts can 
"fail" before Bowtie 2 moves on. Default: 15. 
-R 3 
the maximum number of times Bowtie 2 will "re-seed" 
reads with repetitive seeds. Default: 2. 
Note Arguments and values used here are identical to –very-sensitive-local.. 
Step 6 
TASSEL 
Pipeline* 
SAMConverterPlugin 
Description 
Converts a SAM format alignment (.sam) file produced by bowtie2 into a 
binary tagsOnPhysicalMap (.topm) file that can be used by the 
TagsToSNPByAlignmentPlugin for calling SNPs. 
Example 
/home/tassel/run_pipeline.pl -Xms8G -Xmx16G -fork1 -
SAMConverterPlugin -i BCA965ANXX_4.sam -o 
topm/BCA965ANXX_4.topm -endPlugin -runfork1 
Step 7 
FastqToTBTPlugin (in TASSEL 3)  
Description 
Generates a TagsByTaxa file to parse FASTQ files containing raw GBS 
sequence data for good reads 
Example 
/home/tassel/run_pipeline.pl -Xms8G -Xmx16G -fork1 -FastqToTBTPlugin 
-i fastq -k key.txt -e ApeKI -o tbt -y -t 
mergedtagcounts/BCA965ANXX_4.cnt -endPlugin -runfork1 
Parameters -y 
Output in TBTByte format (counts from 0-127) instead 
of TBTBit (0 or 1). 
Note This command only works in TASSEL 3. 
Step 8 
 
MergeTagsByTaxaFilesPlugin 
Description 
Merges all .tbt.bin and/or (preferably) .tbt.byte files present in the input 
directory. 
Example 
/home/tassel/run_pipeline.pl -Xms8G -Xmx16G -fork1 -
MergeTagsByTaxaFilesPlugin -i tbt -o mergedtbt/BCA965ANXX_4.tbt.byte 
-endPlugin -runfork1 
Step 9 
 
TagsToSNPByAlignmentPlugin (in TASSEL 3) 
Description 
Aligns tags from the same physical location against one another, calls 
SNPs from each alignment, and then outputs the SNP genotypes to a 
HapMap format file (one file per chromosome). 
Example 
/home/tassel/run_pipeline.pl -Xms8G -Xmx16G -fork1 -
TagsToSNPByAlignmentPlugin -i mergedtbt/BCA965ANXX_4.tbt.byte -y -
m topm/BCA965ANXX_4.topm -o 
hapmap/raw/BCA965ANXX_4_chr+.hmp.txt -mnF "-0.1" -ref 
/home/b73ref/b73_chr.fastq -sC 1 -eC 10 -endPlugin -runfork1 
Parameters 
-mnF “-0.1” 
Minimum value of F. Samples that are not inbreed line 
should invoke this to be negative value. 
-sC 1 Start chromosome. 
-eC 10 End chromosome. 
Note 
This command is only available in TASSEL 3. The DiscoverySNPCaller in 
TASSEL 5 replaces this command and remains the same SNP calling 
functions but generate a db file rather than hapmap file. Except listed 
parameters, all others were used as default. 
Step 10 
MergeDuplicateSNPsPlugin 
Description 
Finds duplicate SNPs in the input HapMap file, and merges them if they 
have the same pair of alleles 
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Example 
/home/tassel/run_pipeline.pl -Xms8G -Xmx16G -fork1 -
MergeDuplicateSNPsPlugin -hmp hapmap/raw/BCA965ANXX_4_chr 
+.hmp.txt -o hapmap/mergedSNPs/BCA965ANXX_4_chr+.hmp.txt -
misMat 0.1 -callHets -sC 1 -eC 10 -endPlugin -runfork1 
Parameters 
-misMat 0.1 
Threshold genotypic mismatch rate above which the 
duplicate SNPs won't be merged. Default: 0.05. For 
lines not fully inbred, value of 0.1 is recommended. 
-callHets 
When two genotypes at a replicate SNP disagree for a 
taxon, call it a heterozygote. If the germplasm is not 
fully inbred and contains residual heterozygosity then -
callHets should be on. 
Note 
The -callHets parameter is to guarantee heterouzygotes can be correctly 
output, rather than omitted as errors. 
Step 11 
GBSHapMapFiltersPlugin 
Description: Filtering SNPs with specific requirements.  
Example: 
/home/tassel4/run_pipeline.pl -Xms10G -Xmx16G -fork1 -
GBSHapMapFiltersPlugin -hmp hapmap/mergedSNPs/BCA965ANXX_4 
_chr+.hmp.txt -o hapmap/filt/BCA965ANXX_4_chr+.hmp.txt -mnTCov 
0.01 -mnSCov 0.2 -mnMAF 0.01 -hLD -mnR2 0.2 -mnBonP 0.005 -sC 1 -
eC 10 -endPlugin -runfork1 
Parameters: 
-mnTCov 0.01 
Minimum taxon coverage. The minimum SNP call rate 
for a taxon to be included in the output 
-mnSCov 0.2 
Minimum site coverage. The minimum taxon call rate 
for a SNP to be included in the output 
-mnMAF 0.01 Minimum minor allele frequency  
-hLD True 
filtered for those in statistically significant LD with at 
least one neighboring SNP 
 
*      Steps using TASSEL pipeline and followed TASSEL protocol 
**    Steps using Bowtie2 and followed online manual sources.  
Most descriptions and parameter explanations are copied from TASSEL manual. 
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Appendix 2A. R codes for candidate locus analysis 
 
 
 
 
  
library(qtl) 
all <- read.cross("csv", file="SNP.csv", genotypes = c("AA","AB", "BB"), 
na.strings = "NA", alleles = c("A", "B")) 
all <- calc.genoprob(all, step=1.0, off.end = 0.0, error.prob = 1.0e-
4,map.function = "haldane",stepwidth = "fixed") 
all <- sim.geno(all, n.draws=32, step=1.0, off.end = 0.0, error.prob = 1.0e-
4,map.function = "haldane",stepwidth = "fixed") 
all.scan1 <- scanone(all, pheno.col=2, model="binary", method = "em") 
all.scan1.perm <- scanone(all, pheno.col = 2, model = "binary", method="em", 
n.perm = 1000) 
plot(all.scan1,main="LOD plot of regrowth",ylim = c(0,6))  
threshold <- summary(all.scan1.perm, alpha=c(0.1, 0.05, 0.01)) 
abline(h=threshold[1], lty="dashed", lwd=1, col="blue") 
abline(h=threshold[2], lty="dashed", lwd=1, col="yellow") 
abline(h=threshold[3], lty="dashed", lwd=1, col="red") 
summary(all.scan1, perm=all.scan1.perm, lodcolumn=1, alpha=0.1) 
mkname1 <- find.marker(all, chr=2, pos=24.244290) 
mkname2 <- find.marker(all, chr=7, pos=5.060739) 
effectplot(all,pheno.col=2,mname1= mkname1), ylim=c(0,1)) 
effectplot(all,pheno.col=2,mname1= mkname2), ylim=c(0,1)) 
write.csv(all.scan1, "all.scan1.csv",row.names = TRUE) 
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Appendix 2B. R code for finding aligned sequences 
 
  
bam <- BamFile("gbs.bam", index="gbs.bam.bai") 
gal <- readGAlignments(bam) 
seq_gal <- readGAlignments(bam, param=ScanBamParam(what=c("seq"))) 
seqnames(gal) 
chr1 <- GRanges(seqnames = "chr1",ranges = ranges(gal)[1:324887]) 
seq_gal1 <- readGAlignments(bamFile, param=ScanBamParam(which=chr1, 
what=c("seq"))) 
write.csv(seq_gal1, "chr1.csv",row.names = TRUE) 
trunk1 <- sample(seq_gal[1:800000,]) 
trunk1 <- sample(seq_gal[800000:1600000,]) 
trunk1 <- sample(seq_gal[1600000:2400000,]) 
write.csv(trunk1, "chunk1.csv",row.names = TRUE) 
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Appendix 3. Chi-Square goodness of fit test and LOD score for all 597 significant 
SNPs after the 4th filter. 
Chr Position P(χ2) χ2 LOD 
1 4884449 0.057 9.180 0.580 
1 11156190 0.112 7.488 0.710 
1 13071484 0.070 8.675 0.798 
1 25159116 0.145 6.840 0.825 
1 27311188 0.111 7.506 1.173 
1 33617201 0.092 7.976 1.949 
1 36487576 0.061 9.023 0.663 
1 38188459 0.060 9.063 0.345 
1 41163352 0.086 8.147 1.380 
1 43444251 0.103 7.693 1.267 
1 43646505 0.096 7.869 1.457 
1 45508909 0.075 8.507 1.372 
1 45725430 0.069 8.696 1.460 
1 51087940 0.084 8.210 1.048 
1 56143052 0.059 9.090 2.145 
1 61231912 0.052 9.409 0.309 
1 67597762 0.051 9.439 1.606 
1 68396450 0.106 7.634 2.156 
1 71155960 0.052 9.381 2.053 
1 72280246 0.058 9.134 0.887 
1 78359784 0.066 8.817 0.862 
1 79336671 0.079 8.362 0.964 
1 79336708 0.083 8.250 0.964 
1 79506809 0.095 7.904 2.653 
1 82235185 0.631 2.575 2.612 
1 88463583 0.160 6.579 1.262 
1 88463585 0.099 7.794 1.262 
1 89725723 0.059 9.069 1.776 
1 92217938 0.126 7.200 0.869 
1 94475512 0.258 5.300 0.676 
1 95642929 0.070 8.659 3.655 
1 96086808 0.093 7.953 1.791 
1 97311831 0.110 7.548 2.490 
1 121459032 0.224 5.688 1.276 
1 151026141 0.412 3.953 1.486 
1 161783439 0.150 6.753 0.551 
1 164036135 0.062 8.959 2.175 
1 176010603 0.347 4.464 2.841 
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1 190955008 0.063 8.938 1.847 
1 193764637 0.181 6.254 1.632 
1 193842097 0.108 7.576 1.500 
1 197350544 0.076 8.450 1.126 
1 198668019 0.068 8.733 1.710 
1 213250181 0.189 6.140 0.580 
1 219591741 0.211 5.839 0.589 
1 219827559 0.063 8.938 0.851 
1 283652632 0.121 7.300 0.972 
1 283654456 0.063 8.910 1.213 
1 285939771 0.388 4.137 1.380 
1 288965863 0.245 5.439 1.240 
1 291562607 0.056 9.196 1.091 
2 5040431 0.059 9.076 0.120 
2 10319484 0.056 9.227 1.543 
2 13293130 0.068 8.753 1.633 
2 15287272 0.078 8.403 3.128 
2 17559586 0.085 8.197 2.036 
2 18563325 0.052 9.383 2.711 
2 19813422 0.292 4.950 2.680 
2 20450528 0.158 6.616 3.639 
2 20592537 0.109 7.557 3.430 
2 22582119 0.169 6.429 3.006 
2 23333363 0.090 8.032 2.900 
2 23559144 0.121 7.290 2.654 
2 24244192 0.089 8.076 4.110 
2 24244290 0.659 2.421 4.613 
2 24244293 0.685 2.279 4.613 
2 24393271 0.084 8.205 4.195 
2 24432184 0.142 6.883 3.874 
2 25168985 0.072 8.589 1.934 
2 26329208 0.068 8.736 2.308 
2 27645793 0.608 2.707 3.633 
2 27934739 0.393 4.097 4.944 
2 28975747 0.253 5.357 2.524 
2 30082591 0.154 6.674 3.589 
2 31705978 0.533 3.153 3.172 
2 34447903 0.182 6.233 3.731 
2 36106117 0.054 9.292 1.925 
2 43582614 0.341 4.513 1.266 
2 43966419 0.057 9.163 1.914 
2 46235993 0.066 8.814 1.206 
2 46236012 0.055 9.273 1.206 
2 46236023 0.072 8.587 1.219 
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2 47109626 0.147 6.802 1.980 
2 56791201 0.060 9.054 2.756 
2 60927140 0.104 7.676 3.278 
2 63442891 0.100 7.791 1.998 
2 78533354 0.060 9.031 2.713 
2 86802556 0.050 9.485 1.208 
2 89612399 0.250 5.390 1.529 
2 92996207 0.095 7.899 2.093 
2 101481882 0.053 9.357 1.766 
2 104574096 0.158 6.612 2.055 
2 107041219 0.134 7.033 1.567 
2 116134917 0.057 9.182 1.627 
2 121849507 0.076 8.468 2.185 
2 131620207 0.272 5.148 1.777 
2 145453810 0.223 5.695 0.818 
2 154615528 0.081 8.310 1.211 
2 154615529 0.081 8.310 1.211 
2 160461287 0.073 8.577 2.971 
2 161094762 0.059 9.100 1.962 
2 162616945 0.054 9.321 2.737 
2 163305137 0.052 9.397 2.507 
2 183195238 0.084 8.202 1.653 
2 183953994 0.163 6.532 1.808 
2 184844547 0.054 9.307 1.662 
2 188225980 0.056 9.206 0.447 
2 189056294 0.060 9.026 1.129 
2 198820755 0.054 9.323 0.464 
2 202177439 0.182 6.240 1.872 
2 202438623 0.107 7.607 2.171 
2 202589171 0.159 6.598 1.420 
2 202746498 0.066 8.793 0.778 
2 210780697 0.057 9.180 1.499 
2 215445716 0.058 9.140 0.669 
2 216100744 0.073 8.565 0.546 
2 221782696 0.089 8.080 0.584 
2 222190011 0.095 7.913 0.629 
2 223303112 0.082 8.283 0.210 
2 225694578 0.076 8.477 0.454 
2 228732425 0.074 8.538 0.850 
2 231240668 0.088 8.100 0.351 
2 232873044 0.141 6.901 0.811 
2 237080225 0.173 6.370 0.408 
2 238587238 0.090 8.054 0.274 
2 238613326 0.098 7.840 0.414 
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2 239504556 0.083 8.239 0.267 
2 239668504 0.117 7.389 0.602 
3 1442299 0.068 8.735 0.287 
3 1691634 0.138 6.969 0.375 
3 3610290 0.152 6.706 0.938 
3 3813777 0.078 8.413 0.853 
3 15812337 0.075 8.511 0.159 
3 27575883 0.156 6.640 0.623 
3 28863668 0.296 4.914 1.132 
3 31837423 0.149 6.754 0.460 
3 40080764 0.118 7.369 0.392 
3 54004991 0.113 7.464 0.565 
3 79377079 0.119 7.339 0.785 
3 83930725 0.057 9.154 0.321 
3 84444183 0.089 8.060 1.310 
3 86189793 0.069 8.716 1.000 
3 88401287 0.054 9.304 0.634 
3 97283433 0.072 8.608 0.579 
3 99770436 0.254 5.339 1.412 
3 100239418 0.052 9.399 0.577 
3 107566229 0.060 9.051 0.584 
3 112430346 0.159 6.599 0.579 
3 113909198 0.065 8.842 0.535 
3 115688933 0.067 8.765 0.796 
3 126111619 0.155 6.655 0.759 
3 131552328 0.053 9.347 1.457 
3 133286671 0.239 5.508 0.645 
3 135360471 0.093 7.966 0.532 
3 135545728 0.052 9.379 0.736 
3 140875512 0.072 8.602 0.387 
3 143902079 0.144 6.855 0.444 
3 143913894 0.087 8.133 0.332 
3 148589561 0.061 8.996 0.156 
3 151221115 0.421 3.894 1.042 
3 153032302 0.292 4.950 0.544 
3 153854654 0.105 7.656 0.310 
3 158531612 0.497 3.378 1.353 
3 163193007 0.202 5.964 0.565 
3 168498586 0.051 9.439 0.555 
3 181956525 0.077 8.426 0.677 
3 186350475 0.104 7.670 0.617 
3 186833715 0.148 6.772 0.665 
3 187860010 0.067 8.790 0.230 
3 190162669 0.126 7.188 0.632 
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3 190356932 0.100 7.791 0.032 
3 197021073 0.058 9.140 0.493 
3 198349564 0.171 6.406 0.518 
3 198724353 0.053 9.364 0.189 
3 200104438 0.109 7.571 0.599 
3 203126687 0.088 8.093 0.915 
3 203668977 0.126 7.187 0.928 
3 205143304 0.169 6.429 0.285 
3 206548217 0.096 7.879 0.524 
3 206837008 0.134 7.043 0.855 
3 207109673 0.165 6.500 0.732 
3 207753248 0.097 7.858 0.465 
3 207761362 0.099 7.802 0.447 
3 208299142 0.056 9.204 0.276 
3 208687313 0.051 9.452 0.192 
3 209234237 0.055 9.239 0.230 
3 210463709 0.115 7.426 0.280 
3 216531079 0.105 7.651 0.604 
3 217222428 0.088 8.095 0.876 
3 217233703 0.148 6.786 0.489 
3 217279544 0.050 9.477 1.133 
3 217450915 0.157 6.622 1.553 
3 218135784 0.428 3.838 1.388 
3 221275512 0.066 8.803 0.785 
3 221303579 0.382 4.184 1.272 
3 221313682 0.135 7.011 1.185 
3 223324712 0.129 7.137 0.604 
3 225038360 0.061 9.014 1.885 
3 227287888 0.084 8.202 0.833 
3 227907380 0.053 9.340 1.027 
3 227919356 0.109 7.566 1.574 
3 227919791 0.054 9.315 2.051 
3 231754412 0.352 4.420 1.230 
4 12010317 0.089 8.077 0.330 
4 22587888 0.054 9.291 0.520 
4 23087274 0.108 7.587 0.494 
4 23375608 0.114 7.452 0.572 
4 28972692 0.052 9.415 0.606 
4 29504479 0.245 5.443 0.728 
4 35944168 0.061 9.003 0.621 
4 35944177 0.142 6.883 0.621 
4 36138887 0.122 7.284 1.014 
4 36493651 0.079 8.355 0.539 
4 36493698 0.067 8.768 0.537 
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4 38763015 0.197 6.029 0.987 
4 38768666 0.068 8.744 1.212 
4 42990288 0.051 9.419 1.183 
4 43603867 0.061 8.989 0.827 
4 44954259 0.209 5.867 0.889 
4 44954265 0.298 4.901 0.889 
4 50212604 0.269 5.179 0.931 
4 50465162 0.055 9.245 1.012 
4 53736128 0.164 6.512 0.698 
4 54279336 0.109 7.551 0.667 
4 59180001 0.132 7.076 1.107 
4 59180038 0.166 6.483 1.107 
4 60069284 0.081 8.315 0.382 
4 61321176 0.052 9.391 0.155 
4 69594004 0.057 9.186 0.608 
4 69594006 0.059 9.082 0.608 
4 70219136 0.106 7.635 1.055 
4 72077418 0.096 7.880 0.805 
4 78468337 0.084 8.202 0.547 
4 92817525 0.137 6.971 0.980 
4 115491809 0.097 7.868 1.460 
4 119801608 0.135 7.008 0.661 
4 123190005 0.054 9.283 1.668 
4 123190316 0.058 9.141 1.651 
4 123595443 0.081 8.318 0.922 
4 125301753 0.079 8.364 0.771 
4 125450153 0.069 8.713 0.944 
4 125848212 0.073 8.556 1.090 
4 126960942 0.184 6.210 1.295 
4 134744160 0.055 9.265 0.510 
4 134812777 0.110 7.543 0.519 
4 135912021 0.081 8.311 0.826 
4 139207793 0.102 7.736 0.562 
4 140040417 0.092 7.978 0.693 
4 140076268 0.161 6.553 0.813 
4 150352749 0.078 8.388 0.919 
4 153566798 0.186 6.180 1.555 
4 153625066 0.462 3.602 2.328 
4 156126816 0.264 5.233 1.209 
4 156285518 0.186 6.175 0.886 
4 160041575 0.066 8.823 1.532 
4 160694836 0.104 7.687 1.286 
4 161908962 0.227 5.650 1.322 
4 162470155 0.063 8.932 0.948 
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4 162737502 0.077 8.419 1.237 
4 162885629 0.053 9.339 0.838 
4 164217359 0.089 8.078 1.202 
4 164926267 0.061 8.987 1.025 
4 166602728 0.137 6.982 1.111 
4 166605145 0.086 8.146 1.525 
4 168565685 0.090 8.037 1.148 
4 171072913 0.075 8.503 0.751 
4 171777136 0.068 8.721 1.510 
4 173019064 0.124 7.230 2.607 
4 174628063 0.066 8.821 1.728 
4 185372172 0.127 7.169 1.097 
4 187360579 0.079 8.368 0.367 
4 188525388 0.130 7.105 0.297 
4 200215536 0.120 7.313 0.661 
4 202445423 0.062 8.949 0.455 
4 204453919 0.275 5.120 1.761 
4 204773356 0.149 6.764 1.578 
4 211443242 0.224 5.681 0.884 
4 216311666 0.110 7.528 0.813 
4 227809277 0.062 8.981 0.469 
4 232855781 0.065 8.866 0.433 
4 234743033 0.116 7.402 0.832 
4 236106946 0.145 6.833 1.036 
4 240633332 0.051 9.453 0.840 
4 242136641 0.078 8.396 1.258 
4 242207746 0.062 8.967 0.529 
5 6614968 0.158 6.617 0.272 
5 8350680 0.086 8.152 1.201 
5 12128471 0.065 8.863 0.930 
5 14101928 0.068 8.740 0.422 
5 15736402 0.100 7.778 0.371 
5 16893282 0.077 8.445 0.830 
5 17004812 0.093 7.962 0.801 
5 18618288 0.058 9.121 0.835 
5 18819481 0.349 4.447 1.360 
5 19022913 0.291 4.961 1.192 
5 22105825 0.072 8.607 0.870 
5 23460481 0.056 9.223 0.793 
5 35941874 0.060 9.036 0.994 
5 40148948 0.113 7.473 1.179 
5 40408091 0.098 7.822 0.706 
5 53963157 0.253 5.349 0.983 
5 55643286 0.058 9.113 0.267 
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5 57857893 0.052 9.397 0.151 
5 60361281 0.053 9.343 1.069 
5 63153577 0.093 7.966 0.854 
5 64071500 0.061 9.012 0.892 
5 64434018 0.198 6.016 1.254 
5 64524662 0.099 7.815 1.177 
5 67037203 0.072 8.580 0.637 
5 69448573 0.060 9.024 1.097 
5 70577275 0.080 8.331 0.828 
5 71267965 0.118 7.367 0.558 
5 72634455 0.064 8.900 0.341 
5 76699500 0.327 4.634 1.338 
5 82829897 0.053 9.368 1.179 
5 83959121 0.120 7.326 1.268 
5 84495728 0.300 4.880 1.204 
5 84495731 0.405 4.005 1.204 
5 84709994 0.088 8.093 0.637 
5 86085019 0.073 8.574 0.947 
5 86312461 0.111 7.506 1.104 
5 86475441 0.103 7.707 1.161 
5 93487857 0.082 8.264 0.826 
5 95087153 0.073 8.572 0.852 
5 102528081 0.166 6.476 0.633 
5 107589415 0.100 7.785 0.526 
5 119210190 0.075 8.497 0.381 
5 121772498 0.087 8.142 0.911 
5 123007953 0.132 7.081 0.658 
5 132637869 0.117 7.386 0.525 
5 134452325 0.172 6.383 2.092 
5 139189889 0.104 7.669 1.775 
5 139509968 0.215 5.800 2.582 
5 143622603 0.540 3.109 2.508 
5 143863772 0.054 9.286 1.660 
5 145557669 0.062 8.979 2.084 
5 146522439 0.134 7.042 1.812 
5 151405835 0.281 5.062 2.198 
5 151405878 0.203 5.950 2.185 
5 153524191 0.275 5.120 1.382 
5 154153140 0.104 7.678 1.284 
5 154201335 0.060 9.061 1.653 
5 154203112 0.403 4.025 1.483 
5 155066071 0.070 8.670 0.783 
5 155421284 0.231 5.606 1.334 
5 156571923 0.053 9.330 1.344 
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5 158790620 0.077 8.420 0.930 
5 159122675 0.078 8.401 0.409 
5 163582254 0.104 7.674 0.813 
5 163949809 0.303 4.849 1.040 
5 164260203 0.085 8.172 0.564 
5 166641289 0.056 9.196 0.409 
5 166722052 0.330 4.604 0.711 
5 167009719 0.228 5.634 1.394 
5 171268802 0.097 7.861 1.238 
5 172390768 0.124 7.233 0.814 
5 172834419 0.353 4.412 1.241 
5 174398478 0.501 3.348 1.687 
5 174537429 0.110 7.550 1.553 
5 175959631 0.079 8.369 1.352 
5 179460954 0.148 6.782 1.776 
5 179624093 0.283 5.046 2.021 
5 179624166 0.111 7.514 1.910 
5 179624346 0.095 7.920 1.864 
5 180247138 0.077 8.426 1.120 
5 182544520 0.069 8.691 0.953 
5 184312364 0.181 6.251 0.634 
5 185563690 0.162 6.553 0.630 
5 186846326 0.147 6.791 1.497 
5 187133502 0.172 6.387 0.836 
5 187201654 0.143 6.876 1.057 
5 188033545 0.117 7.382 0.545 
5 188278397 0.085 8.177 0.349 
5 189151309 0.084 8.201 0.297 
5 190149222 0.104 7.686 0.612 
5 190150809 0.058 9.142 0.647 
5 190312191 0.098 7.843 0.508 
5 192889323 0.133 7.050 0.699 
5 193180821 0.290 4.977 1.289 
5 193424767 0.053 9.341 1.642 
5 193510730 0.065 8.865 1.463 
5 193778622 0.276 5.114 1.547 
5 193827801 0.157 6.624 0.798 
5 194535556 0.255 5.333 0.594 
5 199879713 0.095 7.895 0.302 
5 199879742 0.055 9.267 0.302 
5 202268940 0.064 8.889 0.375 
5 204631717 0.077 8.429 0.969 
5 204910450 0.062 8.977 0.793 
5 205045083 0.073 8.564 0.634 
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5 205198253 0.107 7.619 0.710 
5 205300771 0.316 4.730 0.964 
5 205953691 0.083 8.259 1.884 
5 206701176 0.113 7.461 0.896 
5 207293031 0.079 8.374 0.416 
5 207526426 0.099 7.817 0.141 
6 7226490 0.348 4.457 1.167 
6 8533579 0.113 7.460 0.462 
6 8567977 0.267 5.201 0.744 
6 16285850 0.092 7.997 1.388 
6 18675482 0.058 9.134 0.916 
6 19238835 0.051 9.448 0.956 
6 22360714 0.090 8.055 0.958 
6 25561943 0.054 9.280 0.410 
6 28376305 0.086 8.146 0.500 
6 31119776 0.106 7.626 0.712 
6 36102857 0.062 8.953 1.402 
6 59489001 0.064 8.905 0.783 
6 79399248 0.055 9.267 0.673 
6 79853848 0.052 9.372 1.148 
6 87793211 0.069 8.698 0.502 
6 89894513 0.073 8.575 0.580 
6 90892548 0.122 7.275 0.626 
6 93928603 0.070 8.676 1.091 
6 107119933 0.060 9.040 0.296 
6 108328095 0.123 7.262 0.272 
6 108548631 0.173 6.374 0.611 
6 108997756 0.209 5.877 0.504 
6 112475771 0.057 9.189 0.448 
6 112907589 0.072 8.613 0.640 
6 116994903 0.226 5.663 0.771 
6 119045382 0.051 9.439 1.036 
6 124950425 0.115 7.433 1.265 
6 146434728 0.075 8.513 0.286 
6 156633812 0.063 8.918 1.796 
6 157432303 0.151 6.720 1.258 
6 159142780 0.051 9.453 1.246 
6 160990570 0.068 8.731 0.840 
6 163940602 0.053 9.342 0.875 
6 164906551 0.128 7.160 2.054 
6 164908351 0.644 2.502 2.642 
6 166030037 0.078 8.388 2.654 
6 166057685 0.053 9.353 2.688 
6 166763903 0.560 2.987 2.871 
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6 166868271 0.133 7.054 1.631 
6 167453581 0.068 8.737 0.765 
6 168347495 0.072 8.590 1.253 
6 168705824 0.058 9.132 1.200 
6 168834880 0.119 7.349 2.765 
6 168875356 0.114 7.438 2.396 
6 169160483 0.074 8.528 1.738 
6 169370619 0.073 8.560 1.679 
6 169625026 0.095 7.901 1.094 
6 172188551 0.115 7.429 1.292 
6 172205128 0.068 8.754 1.136 
7 2862253 0.096 7.886 2.781 
7 5060739 0.134 7.029 4.764 
7 6681861 0.099 7.807 4.208 
7 9396961 0.120 7.308 2.126 
7 9400323 0.127 7.169 2.130 
7 9625157 0.290 4.976 1.775 
7 9654110 0.152 6.713 2.219 
7 10202727 0.124 7.240 3.133 
7 12632814 0.256 5.322 1.665 
7 14301511 0.131 7.093 1.225 
7 14495640 0.481 3.479 2.507 
7 15496395 0.125 7.220 2.045 
7 16843863 0.051 9.424 0.657 
7 17576663 0.074 8.529 1.662 
7 17576664 0.379 4.208 1.652 
7 17589089 0.129 7.142 1.088 
7 20105552 0.066 8.803 0.700 
7 22104044 0.275 5.123 1.695 
7 22316766 0.142 6.895 1.714 
7 25229186 0.449 3.693 1.798 
7 25229194 0.146 6.814 1.798 
7 33873430 0.118 7.370 1.312 
7 34957210 0.091 8.005 1.437 
7 44686189 0.315 4.744 1.299 
7 48195157 0.121 7.303 1.897 
7 50683458 0.137 6.983 1.889 
7 51748950 0.185 6.197 1.318 
7 61635049 0.108 7.580 1.595 
7 72229886 0.203 5.952 0.593 
7 76573440 0.080 8.332 1.530 
7 78839137 0.065 8.848 1.373 
7 81039660 0.180 6.267 2.308 
7 83697705 0.167 6.466 1.856 
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7 85295403 0.088 8.105 1.219 
7 86418356 0.486 3.450 1.771 
7 88531678 0.438 3.767 1.275 
7 95428707 0.439 3.764 0.905 
7 98540970 0.142 6.893 1.506 
7 99027711 0.055 9.249 1.227 
7 101657046 0.361 4.346 1.861 
7 101657109 0.529 3.175 1.791 
7 101657648 0.062 8.962 1.505 
7 103698289 0.246 5.427 1.216 
7 103738122 0.072 8.608 1.263 
7 109766800 0.097 7.868 1.650 
7 109980655 0.094 7.924 1.443 
7 110167590 0.289 4.979 1.930 
7 114140823 0.321 4.684 1.508 
7 114151940 0.295 4.925 1.579 
7 115149449 0.657 2.433 1.439 
7 115409746 0.142 6.881 1.343 
7 117066004 0.213 5.823 1.131 
7 119112813 0.136 6.995 1.121 
7 121046921 0.205 5.922 0.950 
7 122738096 0.305 4.830 1.157 
7 123886243 0.116 7.412 1.147 
7 124321755 0.174 6.353 0.896 
7 125260686 0.110 7.547 0.678 
7 125589268 0.142 6.885 0.884 
7 131561554 0.074 8.532 0.531 
7 131676139 0.076 8.468 0.475 
7 131700671 0.064 8.879 0.310 
7 132101050 0.057 9.178 0.317 
7 132447982 0.063 8.927 0.684 
7 132448666 0.073 8.546 0.768 
7 132449268 0.083 8.243 0.501 
7 132449278 0.096 7.882 0.501 
7 132733975 0.206 5.914 0.525 
7 134395243 0.083 8.238 0.541 
7 134492671 0.077 8.425 0.560 
7 134543806 0.082 8.263 0.647 
7 134665542 0.053 9.360 0.616 
7 146646035 0.077 8.435 0.500 
7 148155185 0.054 9.316 0.341 
7 149025352 0.053 9.336 0.546 
7 149226699 0.082 8.262 0.418 
7 149457489 0.081 8.301 0.592 
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7 152572020 0.246 5.430 0.924 
7 152643159 0.068 8.725 0.892 
7 153022397 0.065 8.858 0.839 
7 155329919 0.341 4.516 0.961 
7 158153210 0.111 7.517 1.414 
7 158320652 0.074 8.533 0.832 
7 158893539 0.058 9.109 0.664 
7 159585202 0.069 8.717 0.492 
7 159937458 0.093 7.972 0.260 
7 160061650 0.076 8.451 0.309 
7 160599333 0.081 8.297 0.755 
7 160628041 0.220 5.738 1.051 
7 161418394 0.064 8.897 1.021 
7 161511069 0.070 8.676 1.275 
7 161620853 0.111 7.514 1.506 
7 161774423 0.128 7.149 1.547 
7 161872165 0.227 5.651 1.041 
7 162099998 0.102 7.731 0.671 
7 162847991 0.053 9.357 0.685 
7 165496352 0.110 7.539 0.883 
7 167558567 0.238 5.525 2.759 
8 13140652 0.068 8.744 0.092 
8 21386823 0.065 8.844 0.034 
8 22463407 0.062 8.952 0.138 
8 22544812 0.122 7.277 0.219 
8 23662206 0.083 8.254 0.136 
8 37940938 0.050 9.464 0.296 
8 44260543 0.051 9.421 0.189 
8 65783129 0.067 8.761 0.044 
8 72073961 0.065 8.843 0.118 
8 76405574 0.127 7.166 0.067 
8 95745868 0.061 8.995 0.206 
8 156985786 0.056 9.199 0.178 
8 164190011 0.070 8.657 0.673 
8 166838393 0.051 9.458 0.567 
8 171872874 0.104 7.682 1.280 
8 174729843 0.051 9.421 1.658 
9 470525 0.104 7.672 0.759 
9 44431889 0.090 8.040 0.512 
9 49771846 0.164 6.512 0.492 
9 104246277 0.077 8.426 0.809 
9 119058770 0.065 8.856 1.079 
9 120127770 0.066 8.822 0.686 
9 120127801 0.081 8.311 0.642 
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9 127843074 0.053 9.343 0.111 
9 133139674 0.101 7.763 0.276 
9 135976115 0.072 8.586 0.230 
9 136391482 0.171 6.406 0.940 
9 146065920 0.394 4.090 1.683 
9 152685797 0.112 7.488 0.206 
9 154435238 0.099 7.808 0.846 
9 154479083 0.054 9.317 0.476 
9 155287117 0.165 6.493 0.334 
10 4039292 0.159 6.598 0.579 
10 4039310 0.256 5.324 0.580 
10 38228436 0.116 7.400 0.321 
10 42021651 0.064 8.885 0.327 
10 94433303 0.073 8.547 0.385 
10 98626752 0.084 8.213 0.229 
10 130678122 0.129 7.138 0.308 
10 134318482 0.154 6.673 0.713 
10 134993211 0.123 7.259 1.108 
10 135344831 0.186 6.186 1.405 
10 135440091 0.068 8.738 0.990 
10 136306335 0.051 9.434 0.675 
10 137694324 0.089 8.061 0.610 
10 140513449 0.058 9.143 0.458 
10 141674955 0.073 8.556 0.138 
10 143643534 0.075 8.504 0.201 
10 143643552 0.076 8.474 0.201 
10 145388133 0.253 5.356 0.813 
10 145565232 0.063 8.913 0.599 
10 148186920 0.061 8.990 0.881 
10 149608767 0.060 9.033 0.622 
10 150827618 0.069 8.703 0.548 
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Appendix 4. All tested primers for selected position.  
Name Sequence Chr SNP Position 
F1-1AB CAGCCGTCCTGTGATCCTGTACTTAT 
1 
82,273,451 
F1-1AZ CAGCCGTCCTGTGATCCTGTACTTAC 
F1-1BB ATTGATGATCGGCGTCCACGCGTCCTGTT 
82,273,718 
F1-1BZ ATTGATGATCGGCGTCCACGCGTCCTGTC 
F1-1CB TCTTCGTTCTCGATCGCGCTTCGCTCTA 
82,273,951 
F1-1CZ TCTTCGTTCTCGATCGCGCTTCGCTCTG 
R1-1 CGGCAGAGACGAGGGTTCCTAACTTTAT - 
F1-1DZ TGGGACATTTCTCTTAAGAA 
82,235,198 
F1-1DB TGGGACATTTCTCTGTGCGT 
R1-1D  CCTGACGAATTAGGGAAGT - 
R1-1D-Z1 ATGCCATCGCGCACCAATC 
82,235,198 
R1-1D-Z2 ATGCCATCGCAGCGCATTT 
R1-1D-Z3 ATGCCATCGCAGCGCATT 
R1-1D-B ATGCCATCGCAGCGCAACG 
F1-1D- TTCCCTCCACCTCGTACGT - 
F1-2AB TCCGCGCAAAAGTCACCTAAGGTT 
189,463,379 
F1-2AZ TCCGCGCAAAAGTCACCTAAGGTC 
R1-2A CATCCCGAAGGTTGAGCTAATGT - 
F1-2BB AGGCCCAAACCCAAGAACCTTC 
189,464,427 
F1-2BZ AGGCCCAAACCCAAGAACCTTT 
R1-2B ACGTCGAGGACCTTGTTGGTCT - 
F1-2CZ1 AAGTGCGCATAATAGAAGTCTTTCA 
189,463,502 F1-2CZ2 AAGTGCGCATAATAGAAGTCTATCA 
F1-2CB AAGTGCGCATAATAGAAGTCTTACT 
R1-2C TTAGGCGACATTTGCATGGAGAGT - 
R1-2C-Z1 TGCATGGAGAGTCTTTCAT 
189,463,502 
R1-2C-Z2 TGCATGGAGAGTCTTCAAT 
F1-2C- CGCAGTCGTCCTAAGAGAAT - 
F1-3AZ1 CAGCTAGCGCCTCCGATACGA 
177,235,112 F1-3AZ2 CAGCTAGCGCCTCCGATACTA 
F1-3AB CAGCTAGCGCCTCCGATCCGG 
R1-3A TGGATAACCAGCTGAATGTT - 
R1-3A-Z1 AGCTACGTGGACCGGATCGT 
177,235,112 R1-3A-Z2 AGCTACGTGGACCGGATCAT 
R1-3A-B AGCTACGTGGACCGGACCGG 
F1-3A- GAAGATTCATCAAAGCTGT - 
F2-1AB CTCTTCGCCTACTGCTAT 
2 
27,773,017 F2-1AZ1 CTCTTCGCCTACTGCTAC 
F2-1AZ2 CTCTTCGCCTACTGATAC 
R2-1A AATGTCAATGCAGACAAGCCT - 
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F2-2AB GTGCTTGCCTGCCGCGCTA 
119,261,245 
F2-2AZ GTGCTTGCCTGCCGCGCTG 
F2-2BB ACACCACGCTCTTCTCCCTCTT 
119,261,331 
F2-2BZ ACACCACGCTCTTCTCCCTCTC 
F2-2CB TGTGCTCGGGCTTTGGTC 
2 
119,261,384 
F2-2CZ TGTGCTCGGGCTTTGGTA 
R2-2 GCAACAGAGCTCACACGCGT - 
R2-2A-Z1 TAGACCCAGATGCACCGTGC 
119,261,245 
R2-2A-Z2 TAGACCCAGATGCACCGTAC 
R2-2C-Z1 ACGGAGCTCAGCTGCT 
119,261,384 
R2-2C-Z2 ACGGAGCTCAGCTTCT 
F2-2- TCGAATCAGATCTCGTCTGGT - 
F2-3AZ1 TTAGTGCGCGAGCGAGCCGAATCG 
124,123,234 
F2-3AZ2 TTAGTGCGCGAGCGAGCCGATTCG 
F2-3AZ3 TTAGTGCGCGAGCGAGCCGAAT 
F2-3AZ4 TTAGTGCGCGAGCGAGCCGAGAT 
F2-3AB1 TTAGTGCGCGAGCGAGCCGAAGAA 
F2-3AB2 TTAGTGCGCGAGCGAGCCGAAGTA 
R2-3A TACAAGCTCTGCTCCTTCTCTGCT - 
F7-1AB CCAACCAGACACATCACACATC 
7 
5,835,410 
F7-1AZ CCAACCAGACACATCACACATT 
F7-1BB ATCAAAGCACCAGCATGGCCTGCCG 
5,835,481 
F7-1BZ ATCAAAGCACCAGCCTGGCCTGCAT 
F7-1CB AGCACCTTGGCAGGGTCGGACTG 
5,835,577 
F7-1CZ AGCACCTTGGCAGGGTCGGACTT 
R7-1 ATCTATGACAGCCAGACTCGGCTGT - 
R7-1A-Z1 CGTTGCATAGCGCAGTTA 
5,835,410 R7-1A-Z2 CGTTGCATAGCGCATGTA 
R7-1A-B CGTTGCATAGCGCAGTCG 
R7-1C-Z AGAGCGTGGCCAAGGTCA 5,835,577 
F7-1- TCATGAACTCATGATCCAT - 
F7-2AB AGGGGACAACAGAGCTGCTG 
43,390,537 
F7-2AZ AGGGGACAACAGAGCTGCTA 
R7-2A GCCCCTCCATTGTTTCAGCGCTT - 
R7-2B-Z1 TTAGCAGGCACAACAGGAGCA 
43,390,553 R7-2B-Z2 TTAGCAGGCACAACAGGATCA 
R7-2B-B TTAGCAGGCACAACAGGTGCC 
F7-2B- AGCGTCACGACGTGCTGTCT - 
 
